Boring bacteria: a morphological research on bone diagenesis. by Basso, Petra Rita
	
	
UNIVERSITÀ	DEGLI	STUDI	DELL’INSUBRIA	
 
DOTTORATO	DI	RICERCA	IN	BIOTECNOLOGIE,	
BIOSCIENZE	E	TECNOLOGIE	CHIRURGICHE	
Curriculum	BIOLOGIA	CELLULARE	E	MOLECOLARE	
XXX	CICLO	
 
 
 
Boring	bacteria:	
a	morphological	research	on	bone	
diagenesis	
 
 
 
 
Docente	guida:	Prof.	Mario	Raspanti	
	
	
Tesi	di	dottorato	di:	
Petra	R.	Basso	
Matr.	250417	
 
 
 
Dip.	Biotecnologie	e	Scienze	della	Vita	-	Università	degli	Studi	dell’Insubria	
Anno	accademico	2016-2017	
	
	
	
	 	
	
	
TABLE	OF	CONTENTS		
	
	
Abstract	 1	
	 	
Introduction	 2	
	 	
Materials	and	methods	 3	
	 	
Microorganism	collection	 3	
MALDI-TOF	Mass	Spectrometry	bacterial	identification	 8	
Identification	by	direct	sequencing	 9	
Bone	samples	collection	 10	
Sterility	test	protocol	 12	
Bone	samples	experimental	bacterial	inoculation	 12	
SEM	analysis	 13	
	 	
Results	 14	
	 	
Interval	1	(one	week-long	incubation	period)		 21	
Interval	2	(two	week-long	incubation	period)		 24	
Interval	3	(four	week-long	incubation	period)	 28	
Interval	4	(5-20	week-long	incubation	period)		 32	
Interval	5	(21-38	week-long	incubation	period)		 38	
Interval	6	(39-48	week-long	incubation	period)		 43	
	 	
Discussion	and	conclusion	 55	
	 	
References	 66	
	 	
Papers	published	during	PhD	candidature	 73	
	 	
	
	
	
	 	
1	
	
ABSTRACT	
		
	
Post	mortem	 interval	 (PMI)	 estimation	 is	 a	 crucial	 issue	 in	 forensic	medicine.	 To	 date,	
little	 is	known	about	factors	affecting	post-mortem	changes	 in	hard	tissues	and	 it	 is	still	
unclear	 who	 between	 exogenous	 bacteria	 from	 the	 environment	 and	 endogenous	
microbiota	is	the	cause	of	microscopical	alterations	observed	in	human	bone	after	death.	
Recent	 research	 highlighted	 an	 important	 role	 of	 endogenous	 bacteria	 in	 the	 earlier	
stages	of	the	process.	The	aim	of	this	study	was	to	probe	a	potential	endogenous	model	
of	 human	 bone	 biodeterioration,	 based	 on	 the	 action	 of	 oral	 cavity	 endogenous	
microorganisms.	
A	 total	 of	 seventy-four	 fragments	 of	 human	 bone	 samples	 were	 incubated	 with	 six	
bacterial	 strains,	 isolated	 from	 human	 tartar	 specimens.	 In	 a	 forty-eight	 months	 long	
prospective	 study,	 the	 onset	 and	 development	 of	 bone	 tissue	 alterations	 were	 serially	
analysed	by	scanning	electron	microscope.		
The	research	furnished	evidence	that	endogenous	bacteria	are	able	to	bore	 into	human	
dead	bone,	giving	rise	to	microstructural	changes	morphologically	indistinguishable	from	
those	observed	in	archaeological	and	forensic	bones.		
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INTRODUCTION	
	
Post	Mortem	 Interval	 (the	 time	elapsed	 since	a	person	has	died)	estimation	 is	 a	 critical	
step	 in	 forensic	 practice	 and,	 as	 Longato	 et	 al.	 wrote,	 it	 is	 “a	 very	 important,	 but	 still	
unsatisfactorily	defined	problem”	(Longato	et	al.	2015).	
Qualitative	parameters	have	been	traditionally	used	in	thanatocronology	to	describe	the	
post-mortem	changes	in	corpses,	in	order	to	help	defining	the	time	of	death.			
As	 discussed	 in	 detail	 later,	 soft	 tissues	 are	 the	 primary	 and	 most	 well-characterised	
targets	 in	 early	 post-mortem	 changes’	 investigation,	 but	 when	 it	 comes	 to	 long-term	
estimation,	hard	tissues	become	the	focus	of	the	analysis	along	with	a	loss	of	qualitative	
data.		
	
Cadaveric	phenomena	are	divided	into:		
	
- postmortal	consecutive	phenomena	(Clark	et	al.	1997;	Sledzik	1998;	Puccini	2009,):		
1. algor	 mortis	 (as	 a	 result	 of	 loss	 of	 thermogenesis,	 the	 corpse	 temperature	
changes,	until	the	ambient	temperature	is	matched.	Body	cooling	below	22-24°C	
is	a	certain	sign	of	death);			
2. dehydration	of	cadaver	(it	 is	due	to	percutaneous	evaporation.	Skin	dehydration	
occurs	 in	 a	 few	 hours,	 while	 ocular	 signs	 of	 dehydration	 take	 12-24	 hours	 to	
appear);		
3. acidification	(it	 is	due	to	the	accumulation	of	acid	metabolites	which	follows	the	
arrest	of	organic	oxidation	processes,	in	absence	of	circulation.	This	process	starts	
soon	after	death	and	is	ended	by	putrefaction	onset)	(Donaldson	et	al.	2013);			
4. livor	 mortis	 (when	 there	 is	 no	 more	 circulation,	 the	 blood	 settles	 in	 the	
dependent	portion	of	the	body,	causing	purplish	stains	called	“hypostasis”.	Livor	
mortis	arises	in	30	minutes-	1	hour	after	death	and	reaches	maximum	extension	
within	 12-18	hours.	Hypostasis	 can	migrate	 completely	 throughout	 the	 first	 6-8	
hours	and	becomes	fixed	after	15-20	hours);			
5. rigor	mortis	 (it	 is	 due	 to	 the	 fusion	of	 actin	 and	myosin	 filaments	which	occurs	
when	 oxygen	 is	 no	 longer	 present,	 the	 body's	 glycogen	 is	 depleted	 and	 ATP	
cannot	 be	 resynthesized.	 Body	 stiffening	 starts	 in	 approximately	 3	 hours	 and	
extends	 to	 whole	 body	 within	 12-24	 hours,	 with	 an	 ostensible	 cranio-caudal	
progression,	 as	 for	Nysten's	 law.	 48-72	 hours	 after	 the	 onset,	 the	 resolution	 of	
rigor	mortis	is	completed);		
6. loss	 of	 neuromuscular	 excitability	 (neuromuscular	 excitability	 disappears	 in	 4-8	
hours	in	skeletal	muscles	and	in	2-3	days	in	smooth	muscles).	
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- destructive	 transformative	 phenomena	 (Rodriguez	 and	 Bass	 1985,	 Rodriguez	 1997,	
Rhine	and	Dawson	1998,	Sledzik	1998):		
1. autolysis	(demolitive	process	caused	by	the	rupture	of	lysosomal	membrane);		
2. autodigestion	 (after	 death	 both	 pancreatic	 and	 gastric	 juices	 are	 released,	
affecting	pancreas	and	stomach	first	and	then	the	surrounding	organs);		
3. putrefaction:	decomposition	of	organic	matter	by	anaerobic	and	aerobic	bacteria,	
which	 causes	 the	 release	of	 gases	 that	 infiltrate	 the	body's	 tissues	and	 leads	 to	
the	 deterioration	 of	 the	 tissues	 and	 organs.	 Even	 though	 a	 large	 number	 of	
environmental	 and	 individual	 conditions	 impacts	 on	 putrefaction	 timing	 (for	
example:	ambient	temperature,	ventilation	and	air	humidity,	clothing,	and	animal	
predators	as	extrinsic	conditions,	while	intrinsic	factors	include	age,	constitution,	
cause	 of	 death,	 the	 corpse	 integrity…),	 nevertheless	 putrefactive	 body	 changes	
usually	 follow	 a	 standard	 sequence	 and	 the	whole	 putrefactive	 process	 can	 be	
schematically	divided	into	four	phases:		
§ chromatic	 stage:	 the	 first	 external,	 macroscopic	 evidence	 of	
putrefaction	 is	a	greenish	skin	discoloration,	usually	 in	 the	right	 iliac	
fossa,	which	 is	 typically	 seen	 between	 18	 and	 36	 hours	 after	 death	
and	 it	 is	 due	 to	 the	 bacterially	 induced	 breaking	 down	 of	
haemoglobin	 into	 sulfhaemoglobin.	 The	 putrefactive	 bacteria,	
following	the	venous	system,	gradually	spread	over	the	whole	body,	
causing	the	so	called	“venous	marbling”;		
§ swelling	 stage:	within	 3-6	 days	 after	 death	 in	 summertime	 or	 some	
weeks	 during	 winter,	 bacterial	 gas	 formation	 becomes	 marked,	
leading	to	putrefactive	epidermolysis	and	massive	corpse	bloating.		
§ colliquative	stage:	 it	 is	the	progressive	disintegration	of	body	tissues	
and	viscera	and	largely	depends	on	local	environmental	conditions.		
§ skeletonization:	 it	 is	 the	 ending	 stage	 of	 putrefaction,	 when	
ligaments,	 cartilage	 and	 periosteal	 tags	 are	 destroyed.	 It	 usually	
occurs	within	3	to	5	years	(Mueller	1953).		
- special	transformative	phenomena:		
1. maceration	 (it	 is	 defined	 as	 the	 softening	 and	 breaking	 down	 of	 tissues	 due	 to	
prolonged	soaking	into	a	liquid);		
2. mummification	 (in	 a	 hot,	 dry,	 well	 aired	 setting,	 the	 corpse	 dehydrates	 very	
quickly,	 bacterial	 growth	 and	 putrefaction	 are	 inhibited	 and	 the	 skin	 dries	 to	 a	
dark	 coriaceous	 appearance.	 This	 process	 takes	 2-3	months	 to	 one	 year	 to	 get	
completed	and	lasts	for	centuries);	
3. saponification	(this	process	occurs	best	in	an	environment	that	has	high	levels	of	
moisture	and	a	low	temperature,	such	as	in	a	wet	ground	or	when	the	cadaver	is	
enclosed	 in	 zinc	 case.	 It	 starts	 soon	 after	 death,	 when	 enzyme	 mediated	
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hydrolysis	of	the	triglycerides	produces	a	mix	of	saturated	and	unsaturated	fatty	
acids.	 Free	 fatty	 acids	 can	 combine	 with	 calcium,	 sodium	 and	magnesium	 ions	
forming	soaps.	Saponification	process	usually	completes	within	6	 to	12	months)	
(Forbes	et	al.	2004);	
4. corification	(it	takes	place	 in	corpses	closed	 in	a	hermetically	sealed	zinc	or	 lead	
coffin:	 in	 these	conditions,	putrefaction	 is	 inhibited,	 the	 skin	 shrivels	and	gets	a	
“tan	leather”	appearance).		
	
Apart	from	the	peculiar	alterations	previously	mentioned,	due	to	deterioration	processes,	
only	 hard	 tissues	 can	 be	 available	 in	 the	 long	 period.	 Although	 these	 tissues	 provide	
useful	information	regarding	sex,	ancestry,	age	at	death,	cause	of	death,	medical	history,	
nutritional	 conditions,	 etc.,	 their	 usefulness	 for	 thanatochronological	 evaluations	 is	
limited.	 Therefore,	 an	 efficient	 and	 punctual	 characterisation	 of	 processes	 in	 bone	
diagenesis	 is	 highly	 required	 to	 define	 the	 post-mortem	 changes	 in	 bones	 for	 both	
endogenous	and	exogenous	factors.		
	
Various	techniques	have	been	developed	through	the	decades,	most	of	them	aim	to	apply	
more	 objectives	 parameters	 and	 use	 quantitative	 techniques	 and	 scoring	 systems,	 for	
example:	
- radiometric	methods:	 in	addition	 to	 14C	 (which,	with	 its	half-life	of	5730	years,	 is	of	
limited	help	for	forensic	investigations	(Ubelaker	et	al.	2006;	Alkass	et	al.	2011)	but	is	
useful	for	dating	organic	materials	up	to	50000	years	ago),	over	the	years	a	number	of	
papers	suggest	using	a	radionuclide	with	a	physical	half-life	in	the	same	range	as	the	
PMI	of	forensic	 interest,	such	as	
210
Pb	(physical	half-life	of	22.5	years,	(Salmon	et	al.	
1999,	Schrag	et	al.	2012,	Schrag	et	al.	2014,Swift	1998)),	
90
Sr	(physical	half-life	of	29.5	
years,	(Maclaughlin-Black	et	al.	1992)),	
228
Th	(physical	half-life	of	1.92	years	(Cook	et	
al.	2014))	and	
210
Po	(physical	half-life	138	days,	Swift	1998;	Cook	et	al.	2014);		
- histological	methods.	The	Oxford	Histological	Index	(OHI),	as	described	by	Hedges	et	
al	(Hedges	et	al.	1995),	is	the	standard	method	to	summarize	the	degree	of	diagenetic	
changes	in	bone:	this	scoring	system	assigns	values	from	0	(when	less	than	5%	of	the	
bone	specimen	is	structurally	intact)	to	5	(when	more	than	95%	of	the	bone	specimen	
features	is	well	preserved).	In	2012	Hollund	et	al.	developed	the	General	Histological	
Index,	which	is	analogous	to	the	OHI,	but	introduces	the	evaluation	of	no	microbially	
mediated	destruction	alterations	(Hollund	et	al.	2012);		
- chemoluminescence	 tests,	 such	 as	 the	 luminol	 reaction	 (Creamer	 and	 Buck	 2009,	
Ramsthaler	et	al.	2009);			
- spectroscopical	analysis	(Nagy	et	al.	2008;	McLauglin	and	Lednev	2011;	Howes	et	al.	
2012;	Buckley	et	al.	2014;	Creagh	and	Cameron	2017);		
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- analytical	methods,	based	on	the	evaluation	of	the	chemical	characteristics	of	skeletal	
remains	 (for	 example	 nitrogen	 and	 amino	 acid	 content	 in	 bone	 (Knight	 1969)).	
According	to	a	previous	research	by	Schwarcz	et	al.	(Schwarcz,	Agur	and	Jantz,	2010),	
the	citrate	content	of	bone	decreases	linearly	as	a	function	of	time	with	an	increase	
of	 PMI.	 As	 recently	 confirmed	 by	Wilson	 et	 al	 (Wilson	 and	 Christensen	 2017),	 the	
bone	citrate	content,	which	appears	to	be	independent	of	post-mortem	environment,	
may	provide	a	reliable	parameter	for	PMI	estimation;		
- imaging	 techniques,	 such	 as	 mid	 infrared	 reflection	 and	 attenuate	 total	 infrared	
microscopic	imaging	(Woess	et	al.	2017).		
	
To	 date,	 as	 the	 time	elapsed	 since	death	 increases,	 PMI	 evaluation	becomes	more	 and	
more	problematic	(in	the	words	of	Goff:	“the	longer	a	body	has	been	deceased,	the	wider	
the	PMI	estimate”	(Goff	1993))	and,	since	still	little	is	known	about	factors	affecting	post-
mortem	changes	in	hard	tissues,	it	is	even	harder	to	define	the	PMI	when	we	are	dealing	
with	skeletal	remains.		
	
In	 fact,	 even	 though,	 historically,	 the	 first	 observation	 of	 post-mortem	 microscopic	
changes	in	bone	and	teeth	were	made	in	the	second	half	of	the	nineteenth	century	(Wedl	
1864,	 Roux	 1887	 and	 Schaffer	 1889,	 1890,	 1894),	 however,	 currently	 there	 is	 still	 no	
general	consent	to	establish	either	the	 initial	time	or	the	duration	or	the	speed	of	post-
mortem	degenerative	changes	in	hard	tissues	(Hedges	2002).		
As	a	confirmation,	a	review	of	the	literature	offers	controversial	data:	Wedl	reported	an	
alteration	 of	 dentin	 in	 samples	 immerse	 in	 water	 after	 13-17	 days;	 Marchiafava	 et	 al.	
(Marchiafava,	Bonucci	and	Ascenzi	1974)	provided	the	evidence	of	tunneling	on	the	45th	
day	 after	 the	 burial	 of	 fragments	 of	 human	 vertebrae;	 using	 backscattered	 electron	
imaging,	 Bell	 et	 al.	 (Bell,	 Skinner	 and	 Jones	 1996)	 demonstrated	 the	 presence	 of	
microstructural	 changes	on	a	human	 tibial	 fragment	3	months	after	death;	Ascenzi	 and	
Silvestrini	 (1984)	 observed	 canaliculi	 in	 specimens	 of	 bovine	 metatarsal	 deposited	 in	
water	for	at	least	12	months;	Hackett	(1981)	described	microscopical	focal	destruction	in	
human	 bone	 fragments	 exhumed	 after	 one	 year	 burial;	 using	 microradiography	 and	
electron	 microscopy,	 Yoshino	 et	 al.	 (1991)	 identified	 postmortem	 changes	 in	 human	
compact	bone	respectively	about	5	years	after	buried	in	soil	and	4-5	years	after	immersed	
in	sea.	
	
In	some	studies,	environmental	conditions,	such	as	oxygen	rate,	humidity,	 temperature,	
pH,	 presence	 of	 microorganisms,	 flora	 and	 fauna	 activities	 (Hedges	 and	 Millard	 1995,	
Hedges	et	al	1995;	Hedges	2002;	Turner-Walker	and	Jans	2008),	have	been	pointed	out	as	
the	main	cause	of	microscopical	structural	changes	in	skeletal	remains.			
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This	 model	 can	 be	 referred	 as	 an	 “exogenous	 model”	 of	 bioerosion,	 where	 the	 hard	
tissues	 remain	 both	 morphologically	 and	 biomolecularly	 intact	 till	 skeletonized,	 time	
when	they	are	exposed	 to	biodeterioration	due	 to	 the	above-mentioned	environmental	
factors	and	to	bioerosion	due	to	environment-associated	microorganisms	(Turner-Walker	
and	Jans	2008;	Fernandez-Jalvo	et	al.	2010;	Muller	et	al.	2011).		
	
While	the	studies	conducted	to	verify	the	“exogenous	model”	of	hard	tissue	bioerosion-
biodeterioration	reliability	have	presented	conflicting	findings	(Hackett	1981;	Child	et	al.	
1993;	 Balzer	 et	 al.	 1997;	 Jackes	 et	 al.	 2001),	 recent	 researches	 have	 hypothesised	 a	
correlation	between	bone	microstructural	deterioration	and	endogenous	microbes,	which	
act	in	earlier	post-mortem	stages	(Jans	et	al.	2004;	Guarino	et	al.	2006;	Nielsen-Marsh	et	
al.	2007;	Hollund	et	al.	2012;	White	and	Booth	2014).	
	
This	dissertation	aims	to	investigate	an	experimental	endogenous	model	of	human	bone	
biodeterioration,	 based	 on	 the	 action	 of	 oral	 cavity	 endogenous	 microorganisms.	 This	
hypothesis	comes	from	the	nearly	complete	equivalence	of	the	morphological	pattern	of	
the	micro-tunnelling	observed	in	human	post-mortem	bone	samples	(both	archaeological	
samples	and	forensic	specimens),	in	human	tartar	specimens	and	in	bone	tissue	samples,	
collected	in	proximity	of	fully	osseointegrated	dental	endoosseous	implants	removed	due	
to	long-term	complications.		
For	this	reason,	the	study	here	presented	develops	and	discusses	experimental	protocols	
for	 the	determination	of	microbial	 invasion	 in	human	bone	and	 related	alterations.	The	
experiments	have	been	carried	out	 in	 controlled	conditions,	 isolating	 the	effect	of	each	
parameter	 singularly,	 and	 omitting	 non-controllable	 exogenous	 and	 environmental	
factors.		
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MATERIALS	AND	METHODS	
	
	
	
Microorganism	collection:	
	
The	 oral	 cavity	 microorganisms	 were	 collected	 from	 the	 tartar	 of	 twelve	 volunteer	
donors,	chosen	completely	at	random,	during	routine	dental	debridement,	carried	out	at	
a	private	dentist	office	in	year	2015.		
The	donors,	aged	between	25	and	66	years,	belonged	to	both	sexes,	were	not	affected	by	
known	 organic	 diseases	 and	 did	 not	 take	 antibiotics	 during	 the	 month	 prior	 to	 the	
procedure.	Other	details	are	specified	in	Table	1.		
All	the	donors	gave	their	consent	for	the	use	of	the	collected	specimens	in	the	context	of	
this	study.		
	
Table	1:		
Donor	 Donor	gender		 Donor	year	of	birth	 Note	
1	 female	 1990	 non-smoker	
2	 female	 1976	 non-smoker	
3	 male		 1961	 non-smoker	
4	 female	 1950	 non-smoker	
5	 male	 1976	 smoker	
6	 male	 1981	 non-smoker	
7	 female	 1983	 non-smoker	
8	 female	 1976	 non-smoker	
9	 female	 1958	 non-smoker	
10	 female	 1990	 non-smoker	
11	 male	 1975	 non-smoker	
12	 male	 1973	 non-smoker	
	
	
First	of	all,	to	avoid	salival	contamination,	the	region	of	incisors	was	isolated	using	cotton	
rolls	and	a	saliva	ejector,	 then	supra-gingival	 tartar	samples	were	collected	 from	 lingual	
surfaces	of	mandibular	and	maxillary	incisors	(Jin	and	Yip,	2002),	using	sterile	hand	tools,	
including	 periodontal	 scaler	 and	 curettes.	 Immediately	 after	 collection,	 each	 tartar	
sample	 was	 put	 into	 a	 thioglycollate	 tube	 (BDTM	 Fluid	 Thioglycollate	Medium	 –	 FTM),	
then	 each	 tube	 containing	 the	 tartar	 specimen	 was	 brought	 to	 the	 microbiology	
laboratory,	where	it	was	incubated	at	37°C	for	72	hours.		
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Every	24	hours	subcultures	were	made	on:		
• Columbia	Blood	Agar	(AS),	
• Chocolate	Agar	(AC),	
• MacConkey	Agar	II	(MC),	
• Sabouraud	Dextrose	Agar	(SDA),	
• Schaedler	KV	Agar	(KV).		
Agar	plates	were	provided	by	Becton	Dickinson	Gmbh	(Heidelberg,	Germany).		
	
The	inoculated	plates	were	incubated	for	72	hours	as	follows:		
	
AS	and	AC	 37°C,	aerobic	atmosphere	+	CO
2
	5%	
MC	and	SDA	 37°C,	aerobic	atmosphere	
KV	 37°C,	anaerobic	atmosphere	
	
Every	 24	 hours	 each	 plate	was	 observed	 in	 order	 to	 evaluate	 the	 bacterial	 growth	 and	
colonies	 (if	 there	 were)	 were	 reisolated	 onto	 a	 specific	 growth	 medium,	 under	
appropriate	conditions.	
	
	
MALDI-TOF	Mass	Spectrometry	(MS)	bacterial	identification:	
	
The	 isolated	 colonies	 were	 identified	 by	 MALDI-TOF	 Mass	 Spectrometry	 (MS,	 Bruker	
Daltonics):	under	laminar	flow	cabinet,	a	little	amount	of	each	colony	was	taken,	using	a	
sterile	 toothpick,	 and	 was	 spotted	 onto	 a	 target	 plate.	 After	 air-drying,	 each	 spot	 was	
overlaid	 with	 1	 μl	 of	 HCCA	matrix	 solution	 (Sigma-Aldrich).	 The	 isolated	 bacteria	 were	
frozen	and	stored	at	−80	°C	with	20	%	(volume	per	volume)	glycerol	for	further	analysis.		
Measurements	 were	 performed	 on	 a	 Microflex	 LTTM	 (Bruker	 Daltonics,	 Bremen,	
Germany)	 instrument	 and	 data	 were	 automatically	 acquired	 using	 FlexControlTM	 3.4	
software	(Bruker	Daltonics).		
Bacterial	 test	 standard	 (BTS,	 Bruker	 Daltonics)	 was	 used	 for	 mass	 calibration	 TM	
instrument	parameter	optimization.	Spectra	were	acquired	in	linear	positive	mode	within	
a	 mass	 range	 from	 2000	 to	 20,000	 m/z	 (mass-to-charge	 ratio),	 according	 to	 the	
manufacturer’s	settings	suggestion,	using	automated	collecting	spectra	mode.	Then,	the	
obtained	spectra	were	analysed	by	standard	pattern-matching	algorithm	using	the	MALDI	
BiotyperTM	 3.1	 software	 (Bruker	 Daltonics),	which	 compared	 the	 raw	 spectra	with	 the	
reference	spectra	of	 the	Bruker	 library	 (database	version	3.3.1,	5627	 reference	spectra)	
by	using	the	default	settings.	
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Identification	(ID)	criteria	were	used	as	manufacturer’s	recommendation:	a	score	≥	2.000	
indicated	 species	 level	 ID,	 a	 score	 between	 1.700	 and	 1.999	 indicated	 ID	 to	 the	 genus	
level	and	a	score	<	1.700	was	interpreted	as	no	ID.	
For	MainSpectra	(MSP)	and	dendrogram	construction,	flat-liners	and	bad	quality	spectra	
were	removed	and	additional	measurements	were	carried	out	to	obtain	20	spectra	from	
each	 isolate/strain.	 Spectra	 were	 then	 loaded	 into	 BiotyperTM	 3.1	 software	 (Bruker	
Daltonics)	 for	 MSP	 creation	 and	 dendrogram	 clustering	 construction	 with	 the	 default	
settings	(distance	measure:	correlation;	linkage:	average;	score	oriented).	
	
Identification	by	direct	sequencing:		
	
Bacterial	 DNA	 was	 obtained	 by	 extraction	 with	 the	 kit	 QiAmp	 DNA	 Blood	 Mini	 Kit	
(Qiagen),	starting	from	pure	colonies	isolated	on	Mueller-Hinton	Agar.		
We	 performed	 a	 PCR	 assay	 using	 a	 mix	 with	 final	 volume	 of	 50uL,	 according	 to	
manufacturer’s	recommendation:	
	
Component	 Volume	per	reaction	(uL) Concentration	in	Master	Mix
10X	PCR	Gold	Buffer		25	mM	MgCl2 5 1X
dATP,	dCTP,	dGTP,	dTTP	10	mM	each 1 200	µM
User-provided	Primer	1	 1-5 0.2-1.0	µM
User-provided	Primer	2	 1-5 0.2-1.0	µM
User-provided	experimental	template Δ <	1	µg/reaction	*
AmpliTaq	Gold	 0,25 1.25	Units/reaction
Water	 Δ
Total	volume	 50
*Preferably	>	104	copies	of	template	but				
<	1	µg	DNA/reaction
	
	
The	 primers	 used	 were	 the	 universal	 ones	 which	 amplified	 the	 region	 of	 the	 16S	
ribosomal	RNA,	used	as	“gold	standard”	for	identification	of	eubacteria:	
	
Primers	ID Sequence Product	Size	(bp) Reference	
16S King Fw 5’-GAGAGTTTGATCCTGGCTCAG
16S King Rv 5’-TACGGCTACCTTGTTACGACTT
1000	bp Eden	PA	et	al,	1991
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Amplification	 was	 carried	 out	 with	 the	 following	 thermal	 cycling	 conditions:	 10	min	 at	
95°C	 ;	35	cycles	of	amplification	consisting	of	30s	at	95°C,	30s	at	58°C,	and	30s	at	72°C,	
with	 7min	 at	 72°C	 for	 the	 final	 extension.	 DNA	 fragments	 were	 analysed	 by	
electrophoresis	in	a	1,5%	agarose	gel	in	1×	TBE	(89	mM	Tris-borate	and	2	mM	EDTA,	pH	
8.3)	containing	GelRed™	Nucleic	Acid	Stain	(10000x	in	water,	Biotium).	
PCR	 positive	 products	 were	 treated	 with	 ExoSAP-IT®	 (Affymetrix),	 which	 occurs	 with	 a	
single-step	enzymatic	clean-up	that	eliminates	unincorporated	primers	and	dNTPs.	At	this	
point	 is	 prepared	 the	master	mix	 for	 sequence	 reaction,	 using	 the	 BigDye®	 Terminator	
Cycle	Sequencing	Kit	(Applied	Biosystems,	Foster	City,	California).		
Sequencing	products	were	loaded	on	ABIPrism310	sequencer	(Applied	Biosystem,	Foster	
City,	 California).	 Sequences	 were	 compared	 with	 those	 from	 GenBank	
(www.ncbi.nlm.nih.gov/blast/).	
	
Bone	samples	collection:		
	
Small	 fragments	of	human	bone	samples	were	collected	from	the	cranial	vault	of	thirty-
seven	donors	during	neurosurgical	procedures	(craniectomy)	carried	out	during	2015	and	
2016	 at	 the	Ospedale	 di	 Circolo-Fondazione	Macchi	 in	Varese;	 at	 least	 three	 fragments	
were	collected	from	each	donor.	The	cranial	vault	was	chosen	as	a	source	simply	because	
of	 its	 easy	 accessibility	 and	 its	 uniformity.	 Each	 sample	 consisted	 of	 a	 small,	 irregularly	
shaped	 full-thickness	bone	 fragment,	with	a	major	 axis	of	 approximately	10-12	mm.	All	
donors	were	potential	candidates	for	bone	flap	replacement,	and	they	all	gave	informed	
consent	to	surgery.		
Donor’s	characteristics	were	(Table	2):	
• age	between	20	and	65	years	old,	
• both	sexes,	
• no	known	bone	or	metabolic	diseases.		
	
Table	2:	
Sample	number	 Donor	gender	 Donor	year	of	birth	
1	 female	 1995	
2	 male	 1967	
3	 female	 1955	
4	 male	 1990	
5	 male	 1963	
6	 female	 1973	
7	 female	 1958	
8	 female	 1965	
9	 male	 1967	
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10	 male	 1978	
11	 female	 1966	
12	 male	 1978	
13	 female	 1963	
14	 male	 1977	
15	 female	 1949	
16	 female	 1975	
17	 male	 1977	
18	 female	 1956	
19	 male	 1967	
20	 female	 1952	
21	 female	 1960	
22	 male	 1956	
23	 male	 1963	
24	 male	 1995	
25	 male	 1970	
26	 female	 1973	
27	 female	 1959	
28	 male	 1962	
29	 male	 1956	
30	 male	 1990	
31	 female	 1967	
32	 male	 1959	
33	 male	 1978	
34	 female	 1969	
35	 male	 1967	
36	 female	 1949	
37	 male	 1971	
	
	
Each	bone	sample	underwent	microbiological	tests,	 in	order	to	evaluate	 its	sterility	 (see	
below);	all	the	samples	enrolled	in	the	study	were	sterile.		
	
Of	 the	 three	 samples	of	each	donor,	one	part	was	prepared	and	examined	by	 scanning	
electron	microscope	 (SEM),	 in	order	 to	evaluate	 its	morphology	at	 time	 zero;	 the	other	
two	parts	were	brought	into	contact	with	the	bacteria	isolated	from	the	plaque.	100	μl	of	
0.5	McFarland	 solution	of	 each	bacterial	 culture	was	placed	 into	 a	 tube	 containing	one	
bone	 sample	 and	 10	ml	 of	 thioglycollate	 and	 incubated	 at	 30	 °C	 and	 at	 37	 °C,	 and	 the	
specimens	were	analysed	at	different	 time	 intervals	by	 scanning	electron	microscopy	 in	
order	to	study	the	possible	occurrence	of	diagenetic	alterations.		
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Sterility	test	protocol	(Aho	et	al.	1998;	CDC	2002;	CDC	2003;	Vastel	et	al.	1999;	Von	
Versen	1992):		
	
After	 incubation,	 every	 day	 the	 vials	 were	 observed	 to	 evaluate	 the	 presence	 of	
macroscopic	turbidity.	Whenever	the	medium	seemed	to	be	turbid	or	when	flocculation	
occurred,	the	procedure	was	as	follows:		
1. vortex	for	ten	seconds	the	tube	containing	the	culture	broth	suspected	of	positivity;		
2. open	the	tube,	under	laminar	flow	cabinet;		
3. prepare	a	slide	from	the	broth	(Gram	staining);		
4. under	laminar	flow	cabinet,	take	a	little	amount	of	broth	from	each	tube	containing	
turbid	medium,	using	an	inoculating	sterile	loop	(size	10	μl);		
5. under	laminar	flow	cabinet,	make	a	subculture,	using	an	inoculating	sterile	loop	(size	
10	 μl)	 to	 inoculate	 a	 third	 of	 the	 surface	 of	 the	 plate	 of	 the	 following	 growth	
mediums,	then	streaking	the	plate	to	isolate	a	pure	culture:	
-	 for	 fungi:	 inoculate	 a	plate	of	 Sabouraud	dextrose	agar,	 then	 incubate	 at	 30°	C	 in	
aerobic	atmosphere	or	at	room	temperature	for	7	days;		
-	for	anaerobic	bacteria:	inoculate	a	plate	of	Schaedler	agar,	then	incubate	at	35°	C	in	
anaerobic	atmosphere	for	7	days;	
-	for	aerobic	bacteria:		
a)	 inoculate	a	blood	agar	plate,	then	incubate	at	35°	C	in	aerobic	atmosphere	for	72	
hours,		
b)	inoculate	a	chocolate	agar	plate,	then	incubate	in	a	5%	CO
2
	atmosphere	at	35°	for	
72	hours.	
6.	Store	the	tubes	at	room	temperature	until	the	end	of	culturing	examination.		
	
	
Bone	samples	experimental	bacterial	inoculation:		
	
Bacterial	 species	 isolated	 from	 tartar	 (Lachnoanaerobaculum	 orale,	 Actinomyces	
odontolyticus,	 Streptococcus	 constellatus,	 Lactobacillus	 paracasei,	 Lactobacillus	
delbrueckii	 and	Actinomyces	 turicensis)	and	previously	 frozen	and	stored	at	−80	 °C	with	
20%	(volume	per	volume)	glycerol	were	processed	as	follows:	after	about	10	minutes	at	
room	temperature,	bacteria	have	been	recovered	 from	the	glycerol	 stock,	using	a	10	µl	
inoculating	 loop	 to	 scrape	 some	 of	 the	 frozen	 material	 from	 the	 top,	 and	 seeded	 to	
Chocolate	 Agar.	 Then	 the	 plates	were	 incubated	 at	 37°	 C	 in	 atmosphere	 enriched	with	
10%	CO
2
,	except	for	the	Lachnoanaerobaculum	orale	plate,	which	was	incubated	at	37	°C	
in	anaerobic	conditions.	
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After	48	hours,	the	growth	colonies	were	 identified	using	MALDI-TOF	MS	(for	a	detailed	
description	refer	to	the	procedure	above-mentioned)	
A	 0.5	McFarland	 solution	 (Approximate	 Bacterial	 Suspension	 /	mL	 =	 1.5	 x	 10
8
)	 of	 each	
bacterium	was	prepared.	A	fresh,	pure	bacterial	culture	was	diluted	with	a	suitable	broth,	
and	the	test	suspension	was	checked	using	a	spectrophotometer.	
Bone	 samples	were	 transferred	 in	 sterile	 condition	 to	 culture	 tubes	 containing	 8	ml	 of	
Thioglycollate	medium.	Within	15	minutes	 after	 adjusting	 the	 turbidity	of	 the	 inoculum	
suspension,	 100	 µl	 of	 the	 prepared	 bacterial	 solution	 were	 added	 to	 each	 tube.	 After	
gentle	agitation,	the	tubes	were	incubated	at	room	temperature.	The	samples	were	daily	
monitored	for	bacterial	growth.	
After	5	days,	the	bacterial	strains	were	prepared,	once	again,	from	frozen	specimens.	At	
the	 same	 time,	 100	 µl	 of	 broth	 were	 sampled	 from	 each	 tube	 (which	 holds	 one	 bone	
fragment	and	the	bacteria)	to	check	the	bacterial	vitality	(viability	control).	These	samples	
were	 seeded	 on	 Chocolate	 Agar	 and	 incubated	 at	 adequate	 conditions.	 	 Colonies	were	
then	analysed	to	verify	the	absence	of	specimen	contamination	as	well	as	to	confirm	the	
presence	of	the	initial	bacterial	strains	with	MALDI-TOF	instrument	(Bruker,	Germany).	
After	2	days	and	verified	the	vitality	of	all	the	bacteria,	bone	specimens	were	transferred	
in	new	sterile	tubes,	filled	with	a	compound	of	8	ml	of	Thioglycollate	medium	and	a	new	
freshly	 prepared	 bacterial	 suspension	 (100	 µl	 of	 0.5	 McFarland	 solution	 as	 previously	
described).		
The	whole	procedure	had	been	repeated	weekly	for	10	months.	
	
SEM	analysis:		
	
The	 specimens	 were	 fixed	 in	 1%	 glutaraldehyde	 plus	 1%	 paraformaldehyde	 in	 0.1	 M	
cacodylate	buffer	for	12	hours	at	room	temperature,	then	washed	with	fresh	buffer	and	
dehydrated	in	graded	ethanol	and	hexamethyldisilazane	(EMS,	Hatfield,	PA).	
All	specimens	were	then	mounted	on	appropriate	stubs	with	conductive	glue,	gold	coated	
with	an	Emitech	K550	sputter-coater	(Quorum	Emitech,	Ashford,	UK)	and	observed	with	a	
FEI	 XL-30	 FEG	 high	 resolution	 Scanning	 Electron	 Microscope	 (FEI,	 Eindhoven,	 The	
Netherland)	operated	in	secondary	electron	imaging	(SE).	Pictures	were	directly	obtained	
in	digital	format	as	1424x968,	8bpp	TIFF	grayscale	files.	
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Results	
	
Six	 bacterial	 species	were	 isolated	 and	 identified	 from	 tartar	 samples	 using	MALDI-TOF	
MS:		
• Actinomyces	odontolyticus	(score	≥	2.000);		
• Actinomyces	turicensis	(score	between	1.700	and	1.999);		
• Lactobacillus	delbrueckii	(score	≥	2.000);		
• Lactobacillus	paracasei	(score	≥	2.000);		
• Lachnoanaerobaculum	orale	(score	≥	2.000);		
• Streptococcus	constellatus	(score	≥	2.000).		
	
As	Actinomyces	 spp	 and	 Lachnoanaerobaculum	 orale	 are	 rare	 in	 human	 infection,	 16S	
rRNA	gene	sequencing	was	performed	to	confirm	the	identification.	
-	 Actinomyces	 odontolyticus	 (Fig.	 1):Microaerobic,	 Gram-positive,	 non	 spore-forming	
cocco-bacillus.	 Optimum	 growth	 at	 37°C.Catalase	 negative.Actinomyces	 are	
significatively	represented	in	dental	plaque	of	healthy	individuals	but	they	are	also	known	
to	 play	 a	 role	 in	 several	 dental	 and	 oral	 infections	 (for	 example	 caries,	 endodontic	
infections	and	dental	implant-	associated	infections).		
	
Fig.	1.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Actinomyces	odontolyticus.	
-	Actinomyces	turicensis	(Fig.	2):Microaerobic,	Gram-positive,	non	spore-forming	cocco-
bacillus.	 Optimum	 growth	 at	 37°C.Catalase	 negative.Actinomycetes	 are	 significatively	
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represented	in	dental	plaque	of	healthy	individuals	but	they	are	also	known	to	play	a	role	
in	several	dental	and	oral	infections	(for	example	caries,	endodontic	infections	and	dental	
implant-	associated	infections).		
	
Fig.	2.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Actinomyces	turicensis.		
-	 	Lactobacillus	 delbrueckii	 (Fig.	 3):Microaerobic,	 Gram-positive,	 non	 spore-forming	
bacillus.Optimum	 growth	 at	 37°C.Produces	 mainly	 lactic	 acid	 from	 glucose	
fermentation.In	 advanced	 dental	 caries,	 lactobacilli	 are	 commonly	 considered	 as	 a	
secondary	colonizer,	but	evidence	exists	of	their	role	in	exacerbate	preexisting	lesions.		
	
Fig.	3.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Lactobacillus	delbrueckii.		
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-	 	Lactobacillus	 paracasei	 (Fig.	 4):Microaerobic,	 Gram-positive,	 non	 spore-forming	
bacillus.	 Optimum	 growth	 at	 37°C.Produces	 mainly	 lactic	 acid	 from	 glucose	
fermentation.In	 advanced	 dental	 caries,	 lactobacilli	 are	 commonly	 considered	 as	 a	
secondary	colonizer,	but	evidence	exists	of	their	role	in	exacerbate	preexisting	lesions.		
	
Fig.	4.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Lactobacillus	paracasei.		
-	 Lachnoanaerobaculum	 orale	 (Fig.	 5):Obligately	 anaerobic,	 Gram-positive,	 spore-
forming	bacillus.	Optimum	growth	at	37°C.Colonies	are	non-haemolytic.		
	
Fig.	5.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Lachnoanaerobaculum	orale.		
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-	 Streptococcus	 constellatus	 (Fig.	 6):	 Facultative	 anaerobic,	 Gram-positive	 coccus.
Optimum	 growth	 at	 37°C.Catalase	 negative.It	 is	 commonly	 isolated	 from	 the	
respiratory	tract	and	it	is	a	well	known	commensal	of	the	oropharyngeal,	urogenital	and	
gastrointestinal	microbiota.		
	
Fig.	6.	MALDI-TOF-MS	spectrum	obtained	from	the	analysis	of	Streptococcus	constellatus.	
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Bone	samples:		
	
Control	samples	(time	zero)	
No	bone	alteration	was	observed	in	any	of	the	untreated	samples	during	the	observations	
carried	out	in	order	to	evaluate	bone	morphology	at	time	zero	(Fig.7,	Fig.	8,	Fig.	9).	
	
	
Fig.	 7.	 Scanning	 electron	micrograph	 of	 the	 obliquely	 fractured	 human	 cranial	 vault	 bone	 sample,	 (control	
sample,	at	time	zero)	showing	several	bone	spicules,	a	lamellar	pattern	around	the	vascular	canals.	
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Fig.	 8.	 Scanning	 electron	micrograph	 of	 the	 obliquely	 fractured	 human	 cranial	 vault	 bone	 sample	 (control	
sample,	 at	 time	 zero):	 no	 morphological	 alterations	 are	 shown	 and	 the	 plywood-like	 structure	 is	 well	
recognizable.	
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Fig.	 9.	 Scanning	 electron	micrograph	 of	 the	 obliquely	 fractured	 human	 cranial	 vault	 bone	 sample	 (control	
sample,	at	 time	zero):	 the	 lamellar	bone	structure	 is	well	preserved	and	calcified	collagen	 fibrils	are	clearly	
visible.		
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Interval	1	(one	week-long	incubation	period):	
In	 the	 observations	 carried	out	 after	 one	week	of	 bacterial	 incubation,	 the	 bone	 tissue	
morphology	 appeared	 to	 be	 generally	 preserved,	 whilst	 a	 minor,	 ubiquitous	 bone	
demineralization	 could	 be	 observed	 at	 relatively	 low	 magnification	 (Fig.	 10).	 Higher	
magnification	 images	 clearly	 revealed	 the	 lamellar	 bone	 structure,	 as	 an	 effect	 of	 the	
initial	 demineralization	 (Fig.	 11),	 and	 several	 bacteria	 firmly	 attached	 to	 the	 specimen	
surface	(Fig.	12).		
		
	
	
Fig.	 10.	 Scanning	 electron	micrograph	 of	 the	 obliquely	 fractured	 human	 cranial	 vault	 bone	 sample,	 after	 a	
week	of	bacterial	 incubation,	 showing	 initial	 signs	of	demineralization.	Three	empty	osteocytic	 lacunae	and	
some	bacterial	clusters	are	recognizable.		
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Fig.	11.	Higher	magnification	detail	of	Fig.	10.	Interlamellar	lines	have	been	evidenced	by	the	demineralization	
and	a	number	of	differently	shaped	bacteria	is	shown.		
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Fig.	12.	Scanning	electron	micrograph	of	the	fracture	surface	of	human	cranial	vault	bone	sample,	after	one	
week	of	bacterial	incubation:	because	of	the	demineralization	process,	the	collagen	fibrils	are	clearly	visible.	
Several	bone	spicules	and	some	bacterial	clusters	are	also	shown.		
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Interval	2	(two	week-long	incubation	period):	
The	 observations	 carried	 out	 after	 two	weeks	 of	 bacterial	 incubation	 revealed	 that	 the	
inorganic	component	of	 the	bone	samples	was	 significantly	 reduced	 (Fig.	13).	The	bone	
tissue	 was	 morphologically	 recognizable	 and	 generally	 well	 preserved,	 while	 the	
superficial	collagen	fibrils	were	clearer	than	previously	observed	(Fig.	14-16).		
	
	
	
Fig.	13.	Scanning	electron	micrograph	of	the	fracture	surface	of	human	cranial	vault	bone	sample,	after	two	
weeks	of	bacterial	incubation.	Even	at	low	magnification,	clear	signs	of	demineralization	are	easily	observed.		
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Fig.	 14.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 two	 weeks	 of	 bacterial	
incubation.	 Collagen	 fibrils	 on	 the	 bone	 surface	 are	 exposed,	 indicating	 an	 increasing	 demineralization	
process.		
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Fig.	 15.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 two	 weeks	 of	 bacterial	
incubation.	 As	 expected,	 within	 the	 osteocytic	 lacuna	 the	 collagen	 fibrils	 are	 calcified	 but	 visible;	 collagen	
fibrils	are	evident	also	in	perilacunar	tissue,	suggesting	bone	demineralization.	Some	bacilli	are	also	shown.		
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Fig.	 16.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 two	 weeks	 of	 bacterial	
incubation.	As	a	result	of	the	demineralization	process,	collagen	fibrils	on	the	bone	surface	are	exposed	and	
clearly	visible.	The	remnant	of	an	osteocyte	and	some	bacteria,	tightly	adhered	to	the	specimen	surface,	are	
also	shown.		
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Interval	3	(four	week-long	incubation	period):	
The	observations	 carried	out	 after	 four	weeks	of	 bacterial	 incubation	 showed	a	 further	
progression	 of	 the	 bone	 demineralization	 process,	 which	 was	 homogeneously	 spread,	
with	no	preferential	areas	of	build-up.	The	bone	tissue	morphology	still	appeared	to	be	
generally	 well	 preserved,	 while	 the	 reduction	 of	 the	 bone	 mineral	 content	 made	 the	
lamellar	structure	clearly	apparent,	even	at	low	magnification	(Fig.	17-20).To	this	point,	
no	evidence	of	bone	remodelling	emerged.		
	
	
	
Fig.	17.	Scanning	electron	micrograph	of	the	obliquely	fractured	surface	of	human	cranial	vault	bone	sample,	
after	four	weeks	of	bacterial	incubation.	Even	at	a	low	magnification,	clear	signs	of	a	widespread,	increasing	
demineralization	 are	 easily	 observed.	 The	 lamellar	 structure	 is	 well	 preserved.	 No	 evidence	 of	 bone	
remodelling	is	observed.		
29	
	
	
	
Fig.	18.	Scanning	electron	micrograph	of	the	obliquely	fractured	surface	of	human	cranial	vault	bone	sample,	
after	four	weeks	of	bacterial	 incubation.	Higher	magnification	highlights	the	distinctive	lamellar	pattern	of	a	
Haversian	system.		
	
30	
	
	
	
Fig.	19.	Higher	magnification	detail	of	Fig.	18.	Collagen	bundles	and	some	bacteria	are	clearly	visible.		
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Fig.	20.	Higher	magnification	detail	of	Fig.	19.	Collagen	fibrils	are	clearly	visible.	Some	bacteria	with	signs	of	
dehydration	are	also	shown.		
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Interval	4	(5	to	20	week-long	incubation	period):	
The	examinations	carried	out	during	 the	 interval	 from	five	 to	 twenty	weeks	of	bacterial	
incubation,	 in	 addition	 to	 a	more	 pronounced	 demineralization,	 showed	 a	 progressive,	
substantial	 morphological	 alteration	 of	 large	 areas	 of	 the	 bone	 tissue:	 while	 vascular	
canals	remained	virtually	 intact	at	the	ultrastructural	 level,	 the	 lamellate	bone	structure	
was	 still	 well	 recognisable	 only	 in	 some	 areas	 and	 large	 cribriform	 cavities,	 not	
attributable	to	any	physiological	human	bone	structure,	appeared	on	the	fragments	(Fig.	
21-26).		
The	collagen	component	seemed	not	to	be	affected	by	any	destructive	alteration	(Fig.	24,	
25).		
	
	
	
Fig.	21.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	 twenty	weeks	of	bacterial	
incubation,	showing	severe	bone	remodelling:	a	great	number	of	cribriform	cavities	can	be	observed.	Clear	
signs	of	demineralization	are	observed.		
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Fig.	22.	Higher	magnification	detail	of	Fig.	21,	showing	a	neoformed	cavity,	as	a	part	of	a	substantial	alteration	
of	the	bone	tissue	morphology.		
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Fig.	23.	Higher	magnification	detail	of	Fig.	22,	highlighting	the	increasing	demineralization	process.		
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Fig.	24.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	 twenty	weeks	of	bacterial	
incubation.	As	a	result	of	the	demineralization	process,	collagen	bundles	on	the	bone	surface	are	exposed	and	
clearly	visible.	Several	bacteria	are	also	shown.		
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Fig.	 25.	 Higher	 magnification	 detail	 of	 Fig.	 24,	 showing	 bacteria	 located	 not	 only	 on	 the	 surface	 but	 also	
between	the	collagen	fibrils.		
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Fig.	26.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	 twenty	weeks	of	bacterial	
incubation.	A	great	number	of	differently	shaped	bacteria	and	some	collagen	fibrils	are	shown.		
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Interval	5	(21	to	38	week-long	incubation	period):	
The	examinations	carried	out	during	the	interval	from	twenty-one	to	thirty-eight	weeks	of	
bacterial	incubation	revealed	a	further	increase	of	the	bone	demineralization	process	on	
the	whole	sample	surface,	with	no	evidence	of	saving	areas	or	preferential	areas	of	build-
up	(Fig.	27,	28,	29).	Although	the	vascular	canal	structure	remained	generally	unaltered,	
the	residual	bone	tissue	presented	an	 increase	 in	morphological	changes:	areas	of	well-
preserved	 native	 lamellar	 structure	 progressively	 decreased	 and	 newly-	 formed	 tubular	
structures	 appeared	 (Fig.	 30,	 31).	 These	 tunnels	 had	 an	 average	 diameter	 of	 about	 50	
microns,	always	run	parallel	to	one	another,	apparently	did	not	split	or	merge	into	each	
other,	and	their	spatial	organization	seemed	to	respect	the	vascular	canals,	avoiding	any	
contact	with	 them.	Moreover,	 rare	 tubular	 structures	with	 a	 smaller	 diameter	 (ranging	
from	5	to	10	microns	in	diameter)	and	a	spatial	organization	pattern	similar	to	the	above-
mentioned	structure	have	been	observed	(Fig.	27).	Both	types	of	tubular	structure,	those	
with	 larger	diameter	and	 those	with	 smaller	diameter,	were	 located	 into	 the	mesosteal	
area,	without	touching	the	outer	or	the	inner	circumferential	lamellae	at	any	point.		
Fig.	 27.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 thirty-	 eight	 weeks	 of	
bacterial	 incubation.	 In	the	context	of	a	severe,	widespread	demineralization,	some	tubular	structures,	with	
an	average	diameter	of	10	microns,	running	parallel	to	one	another	and	to	a	vascular	canal	are	observed.	The	
vascular	canal	structure	is	well-preserved.		
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Fig.	 28.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 thirty-	 eight	 weeks	 of	
bacterial	 incubation,	 showing	 clear	 signs	 of	 demineralization	 and	 bone	 remodelling.	 The	 vascular	 canal	
structure	appears	preserved.		
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Fig.	 29.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 thirty-	 eight	 weeks	 of	
bacterial	 incubation.	A	severe	decrease	of	 the	bone	mineral	content	and	bone	remodelling	are	shown.	The	
lamellar	structure	of	the	osteon	is	well	preserved.		
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Fig.	 30.	 Scanning	 electron	 micrograph	 of	 human	 cranial	 vault	 bone	 sample,	 after	 thirty-	 eight	 weeks	 of	
bacterial	 incubation,	showing	some	tubular	structure,	unrelated	to	the	osteonic	structure,	with	and	average	
diameter	of	60	microns	and	running	parallel	to	one	another.	Clear	signs	of	demineralization	are	observed.		
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Fig.	 31.	 Higher	 magnification	 detail	 of	 Fig.	 30,	 showing	 a	 lamellate-like	 structure.	 Clear	 signs	 of	 severe	
demineralization	are	observed.		
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Interval	6	(39	to	48	week-long	incubation	period,	Fig.	32-39):	
The	observations	carried	out	during	the	interval	from	thirty-nine	to	forty-eight	weeks	of	
bacterial	 incubation	 proved	 that	 the	 rate	 of	 bone	 demineralization	 still	 increased,	 and	
again	there	was	no	evidence	of	saving	areas	or	preferential	areas	of	build-up.Although	
the	 vascular	 canals	 were	 visibly	 affected	 by	 demineralization,	 their	 structure	 remained	
morphologically	 intact.On	 the	 contrary,	 nearly	 all	 the	 compact	 lamellar	 bone	 tissue	
showed	 a	 significant	 structural	 alteration	 and	 the	 bone	 lamellar	 pattern	 was	 clearly	
recognizable	 only	 in	 few	 limited	 regions.All	 the	 analysed	 samples	 revealed	 the	 same	
large	diameters	 tubular	 structure	already	described	 in	 the	previous	observation	 interval	
(interval	 5:	 from	 21	 to	 38	 weeks	 of	 bacterial	 incubation),	 with	 an	 unaltered,	 identical	
morphology:	average	diameter	of	about	50	microns;	always	run	parallel	to	one	another,	
apparently	did	not	ramify	or	merge	into	each	other,	spatial	organization	totally	respectful	
of	 the	 vascular	 canal	 structure	 (no	 contact	 between	 tubular	 structures	 and	 vascular	
canals).Inside	 a	 number	 of	 these	 tunnels	 some	 canalicular	 and	 semi-canalicular	
structures	are	observed	(Fig.	37-39).		
No	 tubular	 structure	 of	 diameter	 ranging	 from	 5	 to	 10	 microns	 was	 detected.Only	 a	
single	 tubular	 structure	 adjacent	 the	 outer	 circumferential	 lamellae	 was	 observed	 (Fig.	
29).		
No	 bone	 alteration	 was	 observed	 in	 any	 of	 the	 untreated	 samples	 (bone	 samples	
incubated	in	thioglycollate),	nor	at	time	0,	nor	at	ending	stage	(48	week-long	incubation	
period,	Fig.	40-42).		
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Fig.	32.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation.	A	large	amount	of	differently	shaped	bacteria	is	shown.		
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Fig.	33.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation.	As	a	result	of	the	demineralization	process,	collagen	fibrils	on	the	bone	surface	are	exposed	and	
clearly	visible.	Several	bacteria	(cocci	and	bacilli	of	different	size)	are	also	shown,	not	only	on	the	surface	but	
also	between	the	collagen	fibrils.		
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Fig.	34.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation,	showing	a	polymorph	bacterial	flora,	tightly	adhered	to	the	demineralised	collagen	fibrils.		
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Fig.	35.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation,	showing	next	to	the	outer	circumferential	lamellae	a	singular	tubular	structure,	with	a	diameter	of	
about	40	microns.	A	severe	demineralization	is	observed.		
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Fig.	36.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation,	showing	widespread	signs	of	severe	demineralization	and	bone	remodelling.	A	tubular	structure,	
with	an	average	diameter	of	20	microns	and	a	lamellate	content,	is	observed.		
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Fig.	37.	Scanning	electron	micrograph	of	human	cranial	vault	bone	sample,	after	forty-eight	weeks	of	bacterial	
incubation,	showing	some	tubular	shaped,	mutually	parallel	structures	(average	diameter	about	50	microns).	
Severe	demineralization	and	bone	remodelling	are	observed.		
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Fig.	 38.	 Higher	 magnification	 detail	 of	 Fig.	 37.	 A	 complex	 network	 of	 canalicular	 and	 semi-	 canalicular	
structures	are	observed	inside	each	tunnel.	Severe	demineralization	and	bone	remodelling	are	observed.		
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Fig.	 39.	 Detail	 of	 Fig.	 38,	 showing	 the	 canalicular	 network	 fulfilling	 each	 tunnel-shaped	 structure.	 Severe	
demineralization	is	observed.		
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Fig.	40.	Scanning	electron	micrograph	of	the	fracture	surface	of	human	cranial	vault	bone	sample,	after	forty-
eight	weeks	of	incubation	in	thioglycollate.	No	evidence	of	bone	remodelling	is	observed	and	the	bone	tissue	
appears	well	preserved.		
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Fig.	41.	Higher	magnification	detail	of	Fig.	40,	showing	a	well	preserved	bone	tissue,	with	typical	structures	of	
lamellar	mature	bone.		
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Fig.	 42.	 Higher	 magnification	 detail	 of	 Fig.	 41,	 showing	 a	 remarkably	 well	 preserved	 bone	 tissue,	 with	
differently	oriented	calcified	collagen	fibrils.	No	evidence	of	bone	remodelling	is	observed.	
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DISCUSSION	AND	CONCLUSION		
As	 reported	 in	 scientific	 literature,	 bone	 tunnelling	 in	 both	 archaeological	 bone	 and	
forensic	bone	samples	may	be	schematically	organised	into	two	categories:	Wedl	tunnels	
and	 non-Wedl	 tunnels	 (there	 is	 also	 another	 particular	 class	 of	 tunnelling	 caused	 by	
cyanobacteria,	which	seems	to	occur	when	samples	have	been	immersed	in	fresh	water	
or	 salt	 water	 [Bell	 et	 al.	 1991;	 Bell	 and	 Elkerton,	 2008;	 Pesquero	 et	 al.	 2010]).	 Wedl	
tunnels	were	described	for	the	first	time	in	1864	(Wedl	1864):	they	are	bored	labyrinth-
like	branching	structures	caused	by	fungi,	as	experimentally	proved	by	Marchiafava	et	al.	
(1974)	and	Fernández-Jalvo	et	al.	(2010)	among	others,	with	a	diameter	ranging	from	10	
to	15	microns	in	Type	I	tunnels	(Trueman	and	Martill,	2002)	and	from	5	to	10	microns	in	
Type	II	tunnels.		
Non-Wedl	 tunnels	were	 described	 by	Hackett	 (1981),	who	 distinguished	 three	 types	 of	
microscopical	 focal	destruction	 (MFD):	 linear	 longitudinal	MFD	(with	a	diameter	ranging	
from	5	to	10	microns	and	a	hypermineralised	rim),	budded	MFD	(with	a	diameter	ranging	
from	 30	 to	 60	 microns,	 a	 mineralised	 cuff	 and	 an	 irregular	 shape)	 and	 lamellate	MFD	
(with	a	diameter	ranging	from	10-20	microns	to	60-250	microns,	a	mineralised	edge	and	a	
lamellate	content).	A	number	of	analysis	demonstrated	that	all	three	kinds	of	non-	Wedl	
tunnels	are	a	consequence	of	bacterial	activity	(Hackett	1981;	Yoshino	et	al.	2010;	White	
and	Booth	2014).		
To	 date,	 there	 are	 two	 major	 hypotheses	 about	 bone	 tunnelling	 aetiology:	 the	
“exogenous	model”,	where	hard	tissues	remain	both	morphologically	and	biomolecularly	
intact	 till	 skeletonized,	 time	 when	 they	 are	 exposed	 to	 biodeterioration	 due	 to	
environmental	 factors	 and	 to	 bacteriologically	 induced	 bioerosion	 (Turner-Walker	 and	
Jans,	2008;	Fernandez-Jalvo	et	al.	2010;	Muller	et	al.	2011),	and	the	“endogenous	model”,	
that	 correlate	 bone	 microstructural	 deterioration	 with	 endogenous	 microbial	 activity	
(Jans	 et	 al.	 2004;	 Guarino	 et	 al.	 2006;	 Nielsen-Marsh	 et	 al.	 2007;	 Hollund	 et	 al.	 2012;	
White	and	Booth	2014).		
On	 the	 basis	 of	 the	 nearly	 complete	 equivalence	 of	 the	 morphological	 pattern	 of	 the	
micro-tunnelling	 we	 previously	 observed	 in	 human	 post-mortem	 bone	 samples	 (both	
archaeological	samples	[Fig.	43	and	44]	and	forensic	specimens	[Fig.	45	and	46])	as	well	as	
in	 human	 tartar	 specimens	 [Fig.	 47	 and	48;	 the	 figures	 from	43	 to	 48	were	 inserted	 as	
such	 being	 unpublished	 material],	 this	 research	 introduces	 a	 conceivable	 endogenous	
model	 of	 human	bone	biodeterioration,	 based	on	 the	 action	of	 oral	 cavity	 endogenous	
microorganisms.		
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Fig.	 43.	 Scanning	 electron	micrograph	 of	 the	 substantia	 compacta	 of	 a	 femur	 (archaeological	 human	 bone	
sample,	 around	 year	 1000	 CE).	 The	 vascular	 canal	 structure	 appears	 well-preserved,	 while	 a	 complete	
demineralisation	and	bone	remodelling	are	clearly	visible.		
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Fig.	 44.	 Scanning	 electron	micrograph	 of	 the	 substantia	 compacta	 of	 a	 femur	 (archaeological	 human	 bone	
sample,	around	year	1000	CE),	showing	a	number	of	linear	longitudinal	MFD	(non-Wedl).		
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Fig.	45.	Scanning	electron	micrograph	of	the	substantia	compacta	of	a	tibia	(forensic	bone	sample),	showing	a	
lot	 of	 labyrinth-like	 tubular	 structures	 with	 1	 micron	 average	 diameter.	 Severe	 cone	 remodelling,	 a	 great	
number	of	cribriform	cavities	and	some	bacilli	are	observed.		
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Fig.	46.	Scanning	electron	micrograph	of	the	substantia	compacta	of	a	tibia	(forensic	bone	sample,	estimated	
PMI:	 two	 years),	 showing	 an	 intricate	 honeycomb	 pattern	 of	 destruction,	 formed	 by	 small	 canalicular	
structures	and	little	cribriform	cavities.		
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Fig.	 47.	 Scanning	 electron	micrograph	 of	 human	 tartar	 sample,	 showing	 small,	 round	 cavities	 and	 tubular	
structures.		
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Fig.	 48.	 Scanning	 electron	micrograph	 of	 human	 tartar	 sample,	 showing	 small,	 round	 cavities	 and	 tubular	
structures.		
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Six	 bacterial	 species	 were	 isolated	 and	 identified	 from	 donor’s	 tartar	 samples	 using	
MALDI-TOF	MS:		
• Actinomyces	odontolyticus	(score	≥	2.000);		
• Actinomyces	turicensis	(score	between	1.700	and	1.999);		
• Lactobacillus	delbrueckii	(score	≥	2.000);		
• Lactobacillus	paracasei	(score	≥	2.000);		
• Lachnoanaerobaculum	orale	(score	≥	2.000);		
• Streptococcus	constellatus	(score	≥	2.000).		
As	 discussed	 in	 literature,	 MALDI-TOF	 MS	 is	 able	 to	 identify	 with	 a	 high	 level	 of	
discriminatory	power	Lactobacillus	paracasei,	Lactobacillus	delbrueckii	and	Streptococcus	
constellatus	(Schott	et	al.	2016;	Arinto-Garcia	et	al.	2015),	while	for	Actinomyces	spp	and	
Lachnoanaerobaculm	 orale	 ,	 which	 are	 not	 commonly	 isolated	 from	 clinical	 specimens,	
MALDI-TOF	MS	was	reported	to	provide	a	less	accurate	identification	(Könönen	and	Wade	
2015;	Lynch	et	al.	2016;	Ng	et	al.	2012),	therefore	a	16S	rRna	sequencing	was	performed	
in	order	to	confirm	Actinomyces	spp	and	Lachnoanaerobaculm	orale	identification.	
Actinomyces	 are	 significatively	 represented	 in	 dental	 plaque	 of	 healthy	 individuals	 but	
they	 are	 also	 known	 to	 play	 a	 role	 in	 several	 dental	 and	 oral	 infections	 (for	 example	
caries,	endodontic	 infections	and	dental	 implant-	associated	 infections)	 (Sarkonen	et	al.	
2005;	Könönen	and	Wade	2015).	The	spectrum	of	diseases	associated	with	Actinomyces	
odontolyticus	 and	Actinomyces	 turicensis	 also	 includes	 pulmonary	 infections	 (Hall	 et	 al.	
2001;	Peaper	et	 al.	 2015),	 genitourinary	 infections	 (Hall	 et	 al.	 2001;	 Sabbe	et	 al.	 1999),	
bacteremias	 and	 sepsis	 (Clarridge	 and	 Zhang	 2002;	 Hall	 et	 al.	 2001;	 Cone	 et	 al.	 2003;	
Hansen	et	al.	2009;	Kerttula	et	al.	2005).		
In	advanced	dental	caries,	Lactobacilli	are	commonly	considered	as	a	secondary	colonizer,	
but	 evidence	 exists	 of	 their	 role	 in	 exacerbate	 pre-existing	 lesions	 (Badet	 and	 Thebaud	
2008).		
Only	a	little	is	known	about	Lachnoanaerobaculum	orale,	an	obligately	anaerobic,	Gram-
positive,	spore-forming	bacillus	isolated	from	the	saliva	of	a	healthy	young	man	(Hedberg	
et	al.	2012).		
Streptococcus	constellatus	is	commonly	isolated	from	the	respiratory	tract	and	it	is	a	well	
known	 commensal	 of	 the	 oropharyngeal,	 urogenital	 and	 gastrointestinal	 microbiota	
(Socransky	et	al.	1998;	Whiley	et	al.	1992).			
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As	documented	in	scientific	 literature	on	human	oral	microbiome,	the	complexity	of	the	
oral	 bacterial	 community	 in	 a	 living	 human	 is	 so	 considerable	 that,	 as	Wade	 wrote,	 it	
seems	 to	 be	 quite	 an	 “impossible	 task	 to	 assign	 a	 role	 for	 each	 organism	 in	 the	
community”	(Wade	2013)	and	diseases	associated	with	the	microbiome	are	not	caused	by	
a	 single	 pathogen	 but	 result	 from	 the	 complex	 interaction	 between	 the	 different	
microorganisms	present	(that	collaborate	to	evade	the	host's	 immune	response	(Brook	I	
1994),	work	 synergically	 to	degrade	complex	 substrates	 (Wade	2013)	etc…),	 the	human	
host	and	the	environmental	conditions.		
Basing	on	these	considerations,	it	seemed	inappropriate	to	create	an	experimental	model	
of	 human	 bone	 biodeterioration	 to	 investigate	 a	mono-microbial	 hypotesis	 or	 to	 try	 to	
identify	 the	 peculiar	 role/function	 of	 a	 specific	 bacterium	within	 a	 process,	 necessarily	
developed	 in	 a	 poli-microbic	 environment,	 in	 which	 an	 immune	 competence	 does	 not	
exist	anymore	and	in	which	also	anatomic	physiological	barriers	are	in	decay,	if	not	even	
completely	destroyed.		
We	decided	therefore	to	pool	all	the	bacterial	species	in	a	single	experimental	model.	
During	 the	 first	 four	weeks	 of	 incubation	with	 the	 bacterial	 strains	 isolated	 from	 tartar	
donors	 (Lachnoanaerobaculum	 orale,	 Actinomyces	 odontolyticus,	 Streptococcus	
constellatus,	Lactobacillus	paracasei,	Lactobacillus	delbrueckii	and	Actinomyces	turicensis)	
no	morphological	changes	were	observed	in	any	sample	but	an	incremental,	ubiquitous,	
bone	 demineralization:	 this	 observation	 seems	 to	 confirm	 Herrmann’s	 previous	
hypotheses	(1977)	on	decalcification	as	one	of	the	earliest	phases	 in	post-mortem	bone	
deterioration,	 as	well	 as	Hackett’s	 considerations	 (1981)	 about	 the	 decrease	 in	mineral	
component	of	hard	tissue	as	probably	the	earliest	sign	of	post	mortem	bone	change	and	
the	study	of	Collins	et	al.	(2002)	who	hypothesized	that	a	localised	demineralization	is	the	
starting	stage	of	the	microbial	attack.		
During	 the	 incubation	 period	 from	 five	 weeks	 to	 twenty	 weeks,	 while	 the	
demineralization	 process	 became	 more	 and	 more	 pronounced,	 evidences	 of	 bone	
remodeling	 arose:	 a	 progressive,	 substantial	 morphological	 alteration	 of	 large	 areas	 of	
bone	 tissue	 was	 observed	 and	 large	 cribriform	 cavities,	 not	 attributable	 to	 any	
physiological	human	bone	structure,	appeared.		
The	 presence	 of	 budded-type	MFD	 and	 lamellate	 tunnels	 (specifically	 located	 into	 the	
mesosteal	area,	whereas	outer	and	inner	circumferential	lamellae	are	never	invaded)	was	
widely	documented	 in	examinations	 carried	out	during	 the	 interval	 from	 twenty-one	 to	
thirty-eight	weeks	of	bacterial	 incubation;	moreover,	the	observations	conducted	during	
the	 interval	 from	 thirty-nine	 to	 forty-eight	 weeks	 of	 bacterial	 incubation	 revealed	 a	
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number	 of	 budded-type	MFD	 and	 lamellate	 tunnels	 too.	 These	morphological	 data	 are	
consistent	with	 Jans	et	al.	 (2004)	statement	 that	budded	and	 lamellate	 tunnelling	 types	
are	often	found	in	association	with	each	other.		
Building	 up	 an	 experimental	 endogenous	 model	 of	 human	 bone	 biodeterioration	 in	
laboratory	allows	to	standardise	multiple	parameters	and	omit	known	confounders,	but	it	
inevitably	has	to	deal	with	some	limiting	factors	(i.e.,	in	this	particular	case,	bacteria	were	
determined	 by	 voluntary	 donors	 and	 small	 sampling	 population	 size,	 the	 number	 of	
available	bone	samples	was	limited,	environmental	conditions	differed	from	those	of	the	
natural	process,	and	the	study	time	period	was	limited).		
Despite	these	limitations,	the	bioerosion	processes	observed	starting	from	the	fifth	week	
of	 incubation	 with	 the	 bacterial	 strains	 isolated	 from	 tartar	 donors,	 revealed	 an	
unexpected	 complete	 equivalence	 of	 the	 morphological	 pattern	 with	 both	 the	
phenomena	described	in	literature	and	the	ones	we	ourselves	previously	identified	in	our	
archaeological	bone	and	forensic	bone	samples.		
The	macroscopical	appearance	was	well	preserved	in	all	bone	fragments	throughout	the	
whole	 experiment	 time,	 even	 when	 they	 had	 severe	 diagenetic	 changes	 at	 the	
microscopic	 level.	These	data	are	 fully	 coherent	with	Hackett’s	observations	 (1981)	and	
Hanson	 and	 Buikstra’s	 notes	 that	 the	 periosteal	 surface	 seems	 to	 be	 always	 preserved	
(1987).		
All	 the	 samples	 observed	 in	 this	 research	 showed	 that	 not	 only	 outer	 and	 inner	
circumferential	 lamellae	are	never	 invaded	by	non-Wedel	 tunnels	but	also	 that	vascular	
canals	are	never	affected	by	any	degenerative	alteration	other	than	a	demineralization.
These	observations	might	support	the	hypothesis	that,	somehow,	adverse	conditions	for	
the	 proliferation	 of	 endogenous	 bacteria	 involved	 in	 human	 bone	 post	 mortem	
biodeterioration	 exist	 in	 both	 the	 microvascular	 environment	 and	 the	 external	
environment,	after	death.		
In	nature,	a	 lot	of	environmental	variables	 (i.e.	oxygen	rate,	humidity,	 temperature,	pH,	
presence	 of	 microorganisms,	 flora	 and	 fauna	 activities)	 as	 well	 as	 several	 individual	
variables	 (i.e.	 body	 size,	 age,	 cause	 of	 death),	 associated	 in	 different	 ways,	 might	
hypothetically	 affect	 the	 post-mortem	 degeneration	 process	 of	 organs	 and	 tissues.	
However,	the	resulting	morphological	patterns	of	bone	tissue	biodeterioration	(Wedl	and	
non-Wedl	types	of	MFD),	are	fairly	identical.		
Although	 the	 experimental	 model	 here	 proposed	 uses	 a	 limited	 range	 of	 bacteria	 and	
keeps	 some	 parameters	 fixed	 (i.e.	 temperature),	 the	 bone	 changes	 obtained	 can	 be	
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completely	superimposed	to	the	ones	observed	in	natural	samples.		
In	the	light	of	the	complexity	of	post-mortem	diagenetic	changes	in	bone	and	of	the	non-
unequivocalness	 of	 results	 of	 the	 experimental	 investigations	 conducted	 to	 verify	 the	
different	models	 of	 hard	 tissue	 bioerosion-biodeterioration,	 we	 could	 hypothesize	 that	
bacteria	associated	with	bone	tissue	deterioration	can	act	synergistically	and	sequentially	
in	 nature	 (i.e.	 metabolic	 products	 of	 some	 bacteria	 might	 generate	 a	 favourable	
microenvironment	 for	 other	 bacterial	 proliferation	 and	 activity).	 Furthermore	 the	
“endogenous	model”	of	bone	biodeterioration	and	the	“exogenous	model”	of	hard	tissue	
bioerosion-biodeterioration	might	not	be	mutually	exclusive,	but	they	could	rather	occur	
sequentially:	the	first	in	earlier	post-mortem	stages	(Jans	et	al.	2004;	Guarino	et	al.	2006;	
Nielsen-Marsh	et	al.	2007;	Hollund	et	al.	2012;	White	and	Booth	2014),	the	latter	possibly	
after	 the	 skeletonization,	 when	 hard	 tissues	 are	 exposed	 to	 biodeterioration	 due	 to	
environmental	factors	and	to	bioerosion	due	to	environment-associated	microorganisms	
(Turner-Walker	and	Jans	2008;	Fernandez-Jalvo	et	al.	2010;	Muller	et	al.	2011).		
The	observations	here	exposed	suggest	that	post-mortem	morphological	changes	in	bone	
can	result	from	complex	interactions	between	various	bacterial	strains	acting	partially	by	
overlap,	partially	by	sequence,	rather	than	being	merely	linked	to	the	bacterial	genus.		
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For  many  decades  the fibrillar  collagens  have  been  the  subject  of  a remarkable  body  of ultrastructural
research.  The  vast  majority  of  the studies,  however,  were  carried  out on  tendon  or  on tendon-derived
material.  For  many  reasons  this  reflects  an  obvious  choice  but  at  the  same time  it  also  is an unfortunate
circumstance,  because  this  flooding  of tendon-related  data  can  easily  encourage  the false  confidence  that
all connective  tissues  are  similar.  The  reality  is  quite  the  opposite,  and  a different  fibrillar  structure  has
been  long  time  observed  on collagen  fibrils  from  different  tissues,  the  most  notable  example  being  offered
by corneal  fibrils.  The  same  architecture  can be found  in a number  of  disparate  tissues  and  may  actually
be  the  prevalent  one  on  a whole-body  scale.  Although  these  fibrils  diverge  from  those  of  tendon  in their
architecture,  size, D-period,  composition,  cross-linking  and  fibrillogenesis  mechanism,  their  structure
was  the  subject  of rather  sparse  ultrastructural  studies  and even  today  their  mere  existence  is often
overlooked  or  ignored.  This  paper  summarizes  the  main  aspects  of  the structural  biology  of  these  forgotten
fibrils.
©  2017  Elsevier  B.V.  All  rights  reserved.
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1. Introduction: a collagen primer
The collagen represent one of the most ancient protein fami-
lies, being present in all the Metazoa and tracing its lineage up to
protein motifs in choanoflagellates [1,2]. In mammalians we recog-
nize about thirty genetically defined types identified with Roman
numbers and which, as whole, represent more than one third of all
proteins of the body. The hallmark of all collagens is the repeated
basic structure (Gly-Xaa-Yaa)n, where the residues designated as
∗ Corresponding author at: Laboratory of Human Morphology, Dept. of Medicine
and Surgery, Insubria University, Via Monte Generoso 71, 21100 Varese, Italy.
E-mail address: mario.raspanti@uninsubria.it (M.  Raspanti).
Xaa and Yaa can be any amino acid but are frequently repre-
sented by proline. All collagens have a quaternary structure, each
functional molecule being composed of three distinct polypeptide
chains (the so-called alpha-chains). In addition, collagens also have
a highly complex supramolecular structure where molecules inter-
act with each other at different hierarchical levels in order to form
a variety of higher-order structures, including fibrils, microfibrils
and felt-like sheets.
A few collagen types, defined fibrillar collagens, have an unin-
terrupted sequence of about 300 Gly-Xaa-Yaa triplets, flanked
by shorter globular domains. Other collagen types have more or
less interrupted sequences and are classified as fibril-associated
collagens with interrupted triple helices (FACITs), membrane-
associated collagens with interrupted triple helices (MACITs),
https://doi.org/10.1016/j.ijbiomac.2017.10.037
0141-8130/© 2017 Elsevier B.V. All rights reserved.
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multiple triple-helix domains and interruptions (MULTIPLEXINs),
microfibrillar collagens, etc. [3].
In this context we will deal exclusively with the main fibrillar
collagens, i.e. the biochemical types I, II, III, V and XI. Collagen types
XXIV and XXVII have recently joined the fibrillar collagens, but
their role is still less defined [4]. The types II and III are homopoly-
mers, each of them composed of three identical chains respectively
named !1(II) and !1(III), while the type I is a heteropolymer made
of two identical !I(I) chains and an !2(I). Collagen type V is also
a heteropolymer made of three different chains, !1(V), !2(V) and
!3(V), mixed in different, tissue-dependent combinations. The type
XI seems to be, from a phylogenetical viewpoint, a more recent
protein: it is closely related to the type V to the point that the
!2(V) chain may  replace the !2(XI) chain in some tissues, and the
!3(XI) chain seems to be an alternative splicing of the !1(II) gene.
All the genes coding for the fibrillar collagens are highly inter-
rupted, being made of dozens of exons, and apparently descend
from a common ancestor formed by 45 or 54 nucleotides, precisely
a string of five or six triplets of the form Gly-Xaa-Yaa, coding for
a short 15- or 18-residue chain. This ancient gene seems to have
subsequently originate by successive duplications and mutations
the actual library of large, highly interrupted genes, whose exons
still betray the 45- or 54-base motif.
Although the primary structure of the !-chains is known, a word
of caution is necessary since all collagens undergo massive post-
translational modifications so that the correspondence between
nucleotides and amino acid is far from granted. In particular the
hydroxylation of proline residues to 4-hydroxyproline (or, less
commonly, 3-hydroxyproline) is critical to the correct folding of the
!-chains and therefore to the structure and function of collagen [5].
Another post-translational modification essential for the matura-
tion of collagen is the oxidation of some lysine and hydroxylysine
residues into an aldehyde group, which subsequently react with
other lysine of hydroxylysine residues to form insoluble cross-links.
Some hydroxylysine residues are glycosylated by specific enzymes
into galactosyl- or glucosyl-galactosyl-hydroxylysine. Other non-
enzymatic glycosylation processes [6] lead to the slow formation
of advanced glycation end-products (AGE).
The central (Gly-X-Y)n domain of the collagen !-chains folds
into a tight, left-handed helix with an average axial residue-to-
residue spacing of about 0.286 nm and an angular separation of
108◦, values which can vary slightly according to the size and
shape of the different amino acids [7]. This coiling is largely due
to steric repulsion between proline residues in the X position and
4-hydroxyprolines in Y-position, and is therefore highly depen-
dent on the post-translational hydroxylation of proline. The peptide
bonds form the backbone of the helix, leaving the side chains of
amino acids exposed on the outside [8]. Since there are about three
residues per turn and since every third residue of this domain is a
glycine residue, on the surface of the helix appears a row of (almost)
superimposed glycine residues. Since the glycine has no side chain
(represented by a single hydrogen atom), this glycine row ulti-
mately appears as a ‘clean’ line slowly spiraling along the molecule
in a slightly right-handed helix with a pitch of approx. 8.58 nm.
This glycine line makes possible the aggregation of three chains
into a right-handed triple helix, with all the glycine residues buried
inside the structure and the side chains of all other residues exposed
on the outside, where they are responsible of the intermolecular
interactions. It is worth mentioning the reciprocal stabilizing effect
of left-handed threads wound into a right-handed rope.
Although the collagen family consists of approximately 30 dis-
tinct types, the term “collagen” without other specifications is often
used in reference to collagen type I, which is also the most exten-
sively studied. Here the formation of the triple helix is directed
by the carboxy-terminal globular domain (C-propeptide) and pro-
ceeds along the C → N direction [9]. Critically, this depends on the
lack of steric hindrances in the glycine rows along the central axis.
A point mutation can be tolerated in the X and Y position, but
the substitution of a glycine in the third position with any other
residue stops the formation of the triple helix and results in defec-
tive molecules. The clinical outcome is some form of Osteogenesis
Imperfecta.
Normally the process leads to the formation of a long, some-
what flexible rod-like molecule 1.5 nm wide and over 300 nm long,
topped at both ends by globular domains. In this form, also defined
procollagen, the molecule is complete.
This is the starting point for the formation of supramolecular
aggregates.
2. The formation of fibrils
In the extracellular space (or maybe intracellularly [10]) the
terminal globular domains are cleaved by specific enzymes leav-
ing only two small non-helical fragments (the telopeptides), which
fold compactly along the helical portion. In this form the col-
lagen molecule is essentially insoluble and begins to aggregate
even at nanomolar concentrations. At this stage the intermolecular
interactions are inherently labile, i.e. hydrophilic-hydrophobic or
electrostatic; a careful analysis of the amino acid sequence reveals
the superposition of several patterns and motifs coexisting along
the molecule [11] that may  be enough to direct an ordered layout
in supramolecular aggregates [12]. In collagen type I the distribu-
tion of some amino acids (Lysine, Glutamine and Arginine) shows
a periodicity of 18 residues, which reflects the length of the exons,
while the distribution of polar and of hydrophobic residues shows
a periodic repeat of 234 residues. The presence of other molecules
(ATP, polyanions, cations, other collagen types etc.) can modify the
balance of these labile interactions and thus promote one aggre-
gation form rather than another, even without taking part of the
final structure. This way a whole range of supramolecular aggre-
gates, finite or periodic, symmetrical or asymmetrical, can appear
[13–17].
The longitudinal distribution of polar and hydrophobic residues
normally directs a lateral intermolecular interaction with an axial
stagger of approximately 234 amino acid residues, i.e. about 67 nm,
or an integer multiple of this measure. Since this measure is not an
integral divider of the molecule length, after four repeats a short
interval remains between the end of each molecule and the begin-
ning of the next one [18]. This interaction pattern directly translates
into a periodic structure with a period of 67 nm (the D-period),
divided into an ‘overlap’ zone and a ‘gap’ zone, whose 5:4 mass ratio
has subsequently found extensive experimental confirmation.
Other fibrillar collagens can co-precipitate to form mixed fib-
rils, but not all combinations are allowed. Collagens I, III and V are
reciprocally miscible and form mixed fibrils present in all fibrous
connective tissues, where type I seems always to be preeminent
while types III and V appear in widely variable amounts in differ-
ent tissues. The types II and XI are not miscible with other fibrillar
collagens but co-form mixed fibrils typical of cartilage, together
with collagen type IX and perhaps other FACITs.
Cartilage fibrils have been shown to have an epitaxial structure
with an axial core including four collagen XI and ten collagen II
molecules [19], surrounded by type II molecules and eventually by
surface-bound type IX. Considering the similitude between type V
and type XI it seems not implausible that type V collagen have a
similar nucleating role in the formation of mixed fibrils with types
I and/or type III [20–25]. Undoubtedly type V and I coform mixed
fibrils in vitro whose diameter is somewhat proportional to the type
I/type V ratio [20,26,27], and it has been suggested that type V has
some nucleating/initiating role [24,25], but the same can be said of
type III [28]. It has also been reported that fibrillogenesis in vivo is
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altered or absent at all if type V is not present [29,30], but in vitro the
process must have a different dynamics since it takes place anyway.
In general the fibril formation is obtained by warming and
neutralizing an acidic collagen solution, and its progression can
be evaluated by turbidimetry. This technique evidences an initial
lag phase, followed by a steep increase which finally ends with a
plateau once all the molecules are exhausted. This is consistent with
a cooperative mechanism involving successive aggregation steps.
More sophisticated techniques reveal a more complex picture: if
the collagen solution is warmed before neutralization the process
yields slender banded fibrils similar to those found in embryonic
tissues, while if the solution is first neutralized then warmed it
yields tiny unbanded filaments which successively coalesce into
mature fibrils.
3. Different by size
As we said, the vast majority of the ultrastructural studies were
carried out on tendon or, in vitro, on tendon-derived material.
This flooding of tendon-related data can encourage a false confi-
dence that all connective tissues are the same. The reality is quite
the opposite, and in vivo a sharp dichotomy has been long time
observed across different tissues.
Tissues from the locomotor system (i.e. tendons, bone, and some
ligaments) and a few other tensile tissues such as the sclera show
large and heterogeneous fibrils, with diameters ranging from a few
nanometers to 300 nm or more, with a polymodal distribution of
the diameters [31]. In these fibrils the molecules are arranged into
supertwisted right-handed microfibrils running almost longitudi-
nally and interdigitating with the neighboring ones [32], a complex
architecture consistent at the same time with the microfibrillar
aspect observed with electron- and atomic force microscopy and
with the quasi-crystalline hexagonal packing reported by diffrac-
tion studies. In this paper these fibrils, mainly found in tendons,
ligaments and bone, will not be discussed any further.
All the other connective tissues, including sources as diverse as
tendon sheath, nerve sheath, interstitial stroma, arterial wall and
cornea, exhibit fibrils with a smaller and extremely uniform diam-
eter [31]. The average diameter of these fibrils can vary from tissue
to tissue, from the 35 nm of cornea to the 110 nm of some nerve
sheaths, yet it remains extremely uniform in any given location.
In some cases, as in the endotenon sheaths, these fibrils can be in
physical contact with the tendon fascicles but they always remain
distinct and are immediately recognizable.
4. Different by layout
As a general rule, collagen fibrils in the locomotor system and in
some connective tissues such as the sclera are subject to high tensile
stresses and are laid out in compact patterns, where they tend to
maintain a straight course compatible with their limited flexibility.
An emblematic case is represented by tendon fibrils, that are essen-
tially made of straight segments connected by planar crimps [33].
In the Haversian systems of compact bone the fibrils run parallel in
compact layers, that can be arranged at an angle with each other
in the familiar criss-cross pattern described in histology textbooks
or superimposed with a steady, progressive change of direction to
form a twisted plywood [34]. This is a distinctive architecture very
efficient from a functional viewpoint and is often observed also in
other unrelated contexts [35].
Where these fibrils run among multiple holes, as in the lam-
ina cribrosa of the sclera and the optic nerve head, they form a
dense intricate meshwork [36,37] where they run tangential to the
holes while typically maintaining a straight course. This is an effi-
cient setup to contrast circumferential expansion and to resist the
tension exerted by the intraocular pressure.
By contrast the small uniform fibrils of sheaths, blood vessels
wall, dermis and interstitial stroma are usually gathered in loose,
flexible fascicles following a wavy course with no visible crimps.
These fascicles can reversibly accommodate very large deforma-
tions and in some cases they can be straightened out to twice their
resting length. A notable exception is represented by the corneal
stroma, whose small uniform fibrils are kept in register by a unique
and distinctive proteoglycan milieu.
5. Different by composition
In the years when these differences were becoming evident, the
biochemical characterization of the different collagen types was
also slowly emerging. The demonstration of collagen type III only
in thin, uniform fibrils led to the hypothesis that type I collagen
formed the thick multimodal fibrils of tendon, while the uniform
fibrils of cornea, blood vessels etc. were made of type III [38]. This
was not correct, but neither was entirely wrong: now we know
that types I, III and V can coexist in the same fibril, where they
can cross-link together [39], and that in all tissues the collagen I
is always the prevalent type, while types III and V represent just
a variable fraction. Yet in vitro the average fibril diameter, as well
as the diameters distribution, shows substantial differences among
pure type I collagen and mixtures of types I, III and V, and in vivo
the average diameter is inversely proportional to the volume frac-
tion of type V [20,26,27]. Instead of being made of collagen type
III (as is still found in some histology textbooks) the small uniform
fibrils seem now to contain sizable proportions of types III and V in
addition to the fundamental type I. The fibrils of tendon, bones etc.
remain made only of type I.
It is still questionable whether the types I, III and V are uni-
formly distributed in the mixed fibrils or not. The earlier research,
reporting that the type V can be evidenced only in cut or crushed
fibrils, suggested that it is present only in the fibril interior [23,40].
Because of the variable composition of type V it is possible that
heterotrimer molecules have different interactions (and locations)
than homotrimer ones [41].
6. Different by D-period
Although the exact value of the cross-banding varies slightly
depending from the technique used, the tendon fibrils have a D-
period of or near 67 nm.  The uniform fibrils from nerve sheath (and
tendon sheath, and cornea, etc.) by contrast have a shorter D-period
of approximately 64 nm. A comparative analysis carried out by TEM,
which can locate with high accuracy the position of sub-bands
along the D-period, and by X-ray diffraction [42] revealed a per-
fect correspondence: all the features of the D-period were present,
only proportionally and uniformly shortened. In other words the
molecules are the same, but their axial length is proportionally
compressed.
7. Different by architecture
A spiral layout of filamentous subunits within the collagen fib-
ril was  observed as early as 1949 [43]. At that time, however, the
electron microscopy was  in its infancy and other ultrastructural
techniques didn’t exist yet, so it was  only much later that a few
techniques, including freeze-fracture and, more recently, atomic
force microscopy were able to yield high resolution pictures able
to take further these observations [44–48]. The large and heteroge-
neous fibrils from tendon showed an almost parallel layout of the
microfibrils (Figs. 1 and 3), slowly winding at such a shallow angle
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Fig. 1. Freeze-fractured, fully hydrated rat tail tendon. The picture spans 1 " × 1 ".
The longitudinal course of the microfibrils is clearly visible.
Fig. 2. Freeze-fractured fibrils from rat corneo-scleral limbus, same magnification.
The microfibrils wind helically at approx. 17 ◦ to the fibril axis.
as to make its measurement difficult: they are often described as
lying less than 5 ◦ to the fibril axis.
By contrast the small uniform fibrils, imaged with the same
techniques (Figs. 2 and 4), showed microfibrils winding helically
at approx. 17–18 ◦ to the fibril axis, again with slight varia-
tions depending from the technical approach [46–49]. This value
explains the reduction of the axial period reported above: since the
molecules are tilted with respect to the fibril axis, their axial pro-
jection (and that of all their parts) is uniformly shortened according
to the cosine of the winding angle. The D-period, more precisely,
is shortened to 64 nm,  or 67 nm × cos(17◦). It is – to say the least
– surprising to find recent papers that still struggle to explain the
D-period reduction [50].
Please note that for a clear D-period to appear it is not enough
that the molecules maintain an appropriate reciprocal stagger, but
it is also necessary that all the molecules project the same length
along the fibril axis. This can be achieved in two ways.
Fig. 3. Rat tail tendon imaged by fluid tapping-mode atomic force microscopy. This
technique, together with the freeze-fracture, is the only one able to obtain high
resolution pictures of hydrated, unprocessed tissue. The viewfield spans 1 " × 1 ".
Fig. 4. Unfixed, untreated collagen fibrils of human aortic wall imaged by fluid
tapping-mode atomic force microscopy, 1 " × 1 ". Compare this picture with Fig. 2.
The constant pitch/variable angle model is more intuitive and,
although never formalized in writing, it was silently taken for
granted for some time. This architecture can be imagined as a bun-
dle of initially parallel filaments that is subsequently twisted until
the outermost threads reach a 17◦ angle to the axis. Here we  have
however, a critical flaw: the outermost threads will project an axial
length of 64 nm but those lying in the neutral position along the
axis, being still straight, will project their full 67 nm length. The fil-
aments in intermediate positions winding at intermediate angles
will project intermediate lengths. It is therefore evident that this
layout would be incompatible with the appearance of a D-banding.
To overcome this deficiency it is necessary to suppose that the
innermost molecules are axially compressed, their compression
being balanced by a corresponding stretching of the outermost
ones. It is unclear how all this compression and stretching can be
viable from a thermodynamical viewpoint.
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Fig. 5. The first hypothesis of the inner architecture of the constant-angle collagen
fibrils as found in cornea and in the sheaths of nerves and tendons, from Galloway
[51].
The only attractive feature of the variable angle model is that
the 17◦ observed on the fibril surface could be envisioned as a lim-
iting value that the molecules are unable to exceed and that, once
reached, terminates the fibril accretion. This hypothesis would ele-
gantly explain the diameter uniformity observed in these fibrils
within a given tissue but, once again, would leave unexplained the
difference in diameter measured in different tissues. In addition,
such a molecular arrangement of almost-parallel threads would
set a helical splitting plane along the fibril, a thing that was never
observed in freeze-fractured specimens.
An alternative constant angle/variable pitch model was first pro-
posed by John Woodhead-Galloway [51] (Fig. 5). Unfortunately it
was published in a monography chapter of limited diffusion, so a
very similar model was independently proposed a few years later
[49]. In this architecture the fibril is made of distinct coaxial lay-
ers of sub-fibrils, which in each layer are helically wound to 17◦
around the fibril axis (Fig. 6). This way the threads describe a whole
turn around the fibril in a length, or pitch, = 2#R × cotg(17◦), i.e.
approximately 20.55 × R, dependent from the distance R from the
fibril axis. Since each layer has a different pitch, each microfibril
along its length comes to interact with different microfibrils of the
neighboring layers, making these fibrils more resilient to defor-
mation. It is possible, although still hypothetical, that individual
molecules can extend from a microfibril to another, as in tendons
[32]. Moreover, since all the threads wind at the same angle they
all project the same axial length, automatically satisfying the basic
requirement for the appearance of the D-banding. Although some-
what counter-intuitive, this model is consistent with the concentric
features observed by other authors [52,53] and it satisfies all the
Fig. 6. 3D model of fibrils with helical microfibrils. The rightmost fibril exhibits
the innermost layers of microfibrils, not unlike the layers of molecules in Fig. 5.
Together, the two fibrils demonstrate that identically wound microfibrils actually
run  in different directions along the contact line, preventing any lateral fusion of the
protofibrils.
requirements without requiring unexplained external factors, in
contrast with the former one which requires hypothetical external
compressive or tensile forces and an equally hypothetical variable
gradient across the fibril radius. Experimental evidence was not
available at the time, but the latter model seemed preferable on
the basis of the Occam’s razor: entia non sunt multiplicanda praeter
necessitatem.
An unequivocal evidence remained impossible to obtain until
2001, when the constant angle model was  experimentally demon-
strated by TEM microtomography of corneal fibrils [54,55], whose
microfibrils appeared uniformly winding with the same angle to
the fibril axis.
8. Different by cross-linking
As the fibrils mature, the collagen molecules become part of a
network of stable cross-links through the lysine or hydroxylysine
residues. The reaction is initiated by the copper metalloenzyme
lysil oxydase, which converts the $-amino group of certain lysyl
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or hydroxylysyl residues to an aldehyde. This can then react
with another aldehyde to form an aldol condensation product, or
with unmodified lysine or hydroxylysine residue to form hydrox-
ylysinonorleucine (HLNL) or dihydroxylysinonorleucine (DHLNL)
respectively. All these bifunctional reducible crosslinks can then
maturate into tri- or tetrafunctional nonreducible crosslinks [56].
In addition to these, in the small, uniform fibrils of skin and
cornea HLNL reacts with a histidine to form histidino-HLNL (for-
merly known as hydroxyaldolhistidine). This involves an histidine
residue that is offset from the lysine residues and that it is only
accessible if adjoining molecules are slanted by 17 ◦ [57,58]. Not
surprisingly this cross-link was never detected in tendon and bone.
9. Different by formation
The mechanism of fibrillogenesis has been mostly studied
in vitro or, again, in embryonic tendons. It is generally agreed
that the fibrils formation takes place in a multistage, coopera-
tive process. At first, collagen molecules group into small clusters
(protofibrils) that subsequently coalesce into fibrils [see [10] and
[59]]. Since the molecules are essentially straight and parallel, when
protofibrils (or even small fibrils) come into contact they can simply
flow into each other. The process repeats itself up to the formation
of mature fibrils, which can therefore grow not only by addition of
individual molecules but also by fusion with other aggregates.
A few details remain to be elucidated: first of all, the factor(s)
that terminate the fibril accretion, preventing the fibrils from coa-
lescing into a single massive aggregate. Several causes have been
hypothesized, including the persistence of propeptides, the binding
of small proteoglycans, the intervention of FACITs, etc., or a com-
bination of these [24]. Small leucine-rich proteoglycans (SLRPs) in
particular are advocated by a conspicuous body of experimental
evidence.
It is noteworthy, however, that all this holds true only if the
molecules within the protofibrils run straight and parallel. If the
collagen molecules wind helically the protofibrils cannot possi-
bly merge: not only because the molecules in the contact area
are pointing in different directions (Fig. 6), but also because each
protofibril has its own  radial structure and its own axis: their
fusion into a single fibril would require a complete unwinding and
rewinding, a thing clearly made implausible by thermodynamic
considerations. In other words, these fibrils cannot grow by addi-
tion of protofibrils but only by addition of molecules [60,61].
This has two significant implications. First, the existing liter-
ature on fibrillogenesis does not apply to these fibrils. Second,
the impossibility of a stochastic fusion of protofibrils can suffice
to explain the remarkable uniformity of these fibrils: when the
fibrillogenesis begins, each nucleation center competes with its
neighbors for the available molecules until all these have been
depleted. Since the environment is the same for all forming fib-
rils, they all end up of a similar size without the intervention of
any external factor. This is not unlike what happens, e.g., in the for-
mation of snowflakes. Again, we see at work the simplest possible
solution.
Even so, a crucial detail is still missing: what causes the
molecules to wind helically rather than lying side-by-side?
In the constant angle/variable pitch model confirmed by experi-
mental evidence the molecules describe a full turn around the fibril
axis in a length L ≈ 20.55 × R, implying that those molecules closer
to the fibril axis, where R is close to zero, should wind in an implau-
sibly tight spiral. The only alternative is the existence along the fibril
axis of a distinct central structure, and hollow, tube-like fibrils with
an electron-lucent core have been observed by TEM in invertebrates
and in cyclostomes [62–64]. More recently a small central feature,
positive to polysaccharide reactions, has been demonstrated by
TEM and AFM in mammals, in fibrils of tendon sheath and nerve
sheath but not in tendon fibrils [65]. The constancy with which this
core is visible in each and every fibril of a transected bundle sug-
gests that it remains present over the whole length of each fibril. It
is hypothetical but not implausible that this structure governs the
layout of the adjoining collagen molecules, and that these in turn
impose a similar inclination to the molecules that subsequently join
the growing fibril. The nature of this core is not known except that
it is positive for polysaccharides, but it is noteworthy that collagen
V is much more glycosylated than other types, that type V seems
to be present only in the fibrils interior, and that type V has been
already reported as an initiator/nucleator of fibrillogenesis.
On the basis of the experience so far accumulated on fibrilloge-
nesis in vivo and in vitro, it would seem reasonable to hypothesize
that the (almost) parallel layout of molecules and microfibrils
observed in tendons and bone as a sort of default architecture,
which takes place unless some other unknown key factor deter-
mines the onset of the helical layout.
A major issue of this concept is that fibrils with helical microfib-
rils were never obtained in vitro. Even soluble collagen extracted
from 64 nm “helical” fibrils and reaggregated in vitro forms 67 nm
“straight” fibrils [66,67]. Evidently this hypothetical key factor gets
lost or remains inactive in vitro.
Fibrillogenesis in vitro is evidently different than in vivo: even
tendon fibrils, made of straight and parallel molecules of type I col-
lagen, reportedly require the presence of collagen types III and V as
initiators or nucleators in vivo, while in vitro they form equally well,
irrespective of their presence or absence. It is important to remem-
ber that the aggregation of collagen molecules is very sensitive to
the presence of external modulating factors such as polyanions,
ATP or other molecules which do not even remain to make part
of the final product. The nature and action of the unknown factor
which cause the onset of one or the other architecture remains to
be elucidated by further research.
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p r orm  to cr at  a tunn l to r ach th  post rior pol  h  
iE  as ngag  an  th n p l  rom th  n r  b r la -
r  usuall  b  intraocular orc ps  n all cas s  uring surg r  
th  iE  sp cim n as imm iat l  plac  on  bu r  
para ormal h  ( ig  1) or a subs u nt optic microscop  
(O ) an  E  stu  ompl t  r mo al o  all r si ual pir ti-
nal tissu s  as ll as r si ual stain   ( lu  P l  u r  
rman )  as th n p r orm  in all pati nts  ight b r op-
tic b am as maintain  ocus  in th  o a th  minimum 
tim  n  r ucing th  light int nsit  as much as possibl  
(1 )  r surg r  pati nts r  amin  at bas lin  an  
postop rati l  at a s 0  0  an  180
uring ach amination  compl t  ophthalmologic an  
unctional outcom s r  ass ss  ith b st-corr ct  isu-
al acuit  in log  an  msl r gri  tinal uantitati  an  
ualitati  aluation as p r orm  b  m ans o  -O  
opcon 2000 ( opcon  o o  Japan)  o al c ntral thic n ss 
as m asur  using high-r solution topograph  map auto-
mat  protocol
ll th  sp cim ns o  iE s ha  b n pr iousl  ob-
s r  at st r o OP in or r to aluat  th ir consist nc  
an  thic n ss; th n th  r  pr par  or E  stu  o 
obtain a n  r solution o  th   archit ctur  o  th  iE  
 us  an impro  protocol bas  on osmium mac ration: 
this t chni u  allo s us to b r n  c lls an  stromal 
structur  o  so  tissu s (16)  h  sp cim ns r   ith 
2  glutaral h  in 0 1  a-caco lat  bu r (p  7 2) or 
1 hour at room t mp ratur  r ash s in caco lat  bu -
r  sp cim ns r  cut ith a ra or bla  an  pos i  in 
a solution o  1  osmium t tro i  1 2  potassium rro-
c ani  or 1 hour  ash  in phosphat -bu r  salin  (p  
7 2)  h rat  in an incr asing s ri s o  thanol  an  nall  
ri  in h am th l isila an  ri  iE  sampl s r  
mount  on aluminum stubs  gol  coat  ith an Emit ch 
0 spu r coat r  an  th n obs r  ith an E - E  -
0 microscop  (Philips  Ein ho n  th  th rlan s)  Onl  2 
sp cim ns   as abo  r  mb  in Epon  slic  in 
s mi-thin s ctions  an  color  in tolui in  blu  in or r to 
con rm th  strati cation o  iE
i ui  chromatograph  l ctrospra -tan m mass sp c-
trom tr  as us  to i nti  th  prot in cont nt in  iE s 
(cas s 2  26  an  27)  h  prot ins in sp cim n un r nt 
r uction  al lation  an  prot as  ig stion (17)  ass sp c-
trom tr  as p r orm  using a  Orbitrap los ( h rmo 
ish r ci nti c  Waltham  ) uipp  ith a nanospra  
sourc  an  calibur 2 0 an  un  2  as so ar  ( h rmo 
ish r ci nti c)  atabas  s arching as p r orm  us-
ing th  E E  an  O  algorithms in Prot om  
TABLE I - Pati nts  clinical charact ristics
Patient/
sex/age,  
y
Preop  
OCT  
CRT, μm
iEMM layers  
appearance  
at SEM
Letters 
gained  
at month 1
Letters 
gained at 
month 6
1/F/68 320 a 5 15
2/M/71 360 b 0 5
3/M/56 360 a 5 20
4/F/65 395 b 5 15
5/F/78 410 b 0 10
6/M/63 325 a 5 10
7/M/72 390 b 10 20
8/M/45 410 b 10 15
9/M/69 400 c 10 15
10/F/68 390 b 15 15
11/M/59 395 b 10 20
12/F/60 410 b 10 15
13/M/68 405 b 10 10
14/M/69 290 a 0 0
15/F/58 385 c 0 5
16/F/49 370 c 0 0
17/M/58 390 b 0 5
18/M/48 385 b 5 10
19/M/66 295 b 5 5
20/F/68 400 b 5 15
21/M/59 390 b 0 10
22/F/48 285 b 10 10
23/F/72 280 c 15 20
24/F/69 285 c 15 15
25/M/48 385 b 0 5
26/M/79 360 b 5 5
27/M/69 290 b 0 5
28/M/76 305 b 5 10
The specimens were first observed with a stereomicroscope at 10x-40x. After 
this examination, we attributed a class justified by ultrastructural SEM data, 
according to the appearance of iEMM layers: (a) soft splay tissue, (b) soft 
splay folded and fibrotic folded tissue, and (c) soft splay folded tissue.
CRT = central retinal thickness; iEMM = idiopathic epiretinal macular mem-
brane; OCT = optical coherence tomography; SEM = scanning electron 
 microscope.
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Fig. 1 - iopathic pir tinal macular m mbran  r mo al an  b n  
sp cim n imm iat l  plac  in  bu r  para ormal h
Fig. 2 - mi-thin s ction stain  ith tolui ina  10×  h  i iopathic 
pir tinal macular m mbran  app ars ol  bac  on its l  W ll 
i nt i r nt nsit  o  tissu  la rs  nn r limiting m m-
bran ; so  tissu ; thic  tissu
 isco r r 1 1 so ar  ( h rmo ish r ci nti c) against th  
human niprot issProt an  nr s u nc  atabas  
r sp cti l  (17  18)
Results
h  r mo  iE s  sp ciall  th  thic r on s  ap-
p ar  ol  in on th ms l s an  har l  to unb n  im-
m iat l  a r coll ction  t st r o OP  th  iE  app ar  
ith a strati  atur  h  sp cim ns app ar  as laminar 
conn cti  structur s partiall  or compl t l  a h r nt to th  
 ( ig  2)  our cas s pr s nt  onl  so  spla  la rs   onl  
so  ol  la rs  an  1  pr s nt  ns  an  thic  brotic 
la rs ol  o r th  so  on s ( ab  )  h  s mi-thin s c-
tions highlight th  i rsit  in thic n ss an  nsit  o  th  
lamina  his asp ct sugg st  cu ng th  ull-thic n ss sam-
pl  or subs u nt anal sis b  E  con uct  as a iss ction 
rom th   to th  la rs on th  si  o  th  itr ous
t E  in th  out rmost la r o  th  iE s  th   
is ll r cogni abl  r maining a h r nt to th  sampl  as a 
smooth an  thin la r ith a compact t tur  hrough an  
t ars in th   th  int r ac  b t n this an  th  rst -
brous la r a  b  th  si  o  th  itr ous bo  is isibl  
( ig    an  )  his rst la r is ma  irr gular b  ns  
micro pansions that can b  int rpr t  as a unction s st m 
ith  ( ig  )  h  ollo ing la rs  al a s a  in th  
ir ction o  th  itr ous bo  r  ma  b  thin sh ts o  
corrugat  loos l  int rt in  brils  li  a gau  ( ig  )
n th  mi l  la r o  th  E  th  a ing brils b -
com  ns r an  n thin sh ts ha  a mor  rigi  shap  
( ig  )  h s  la rs ar  arrang  in i r nt ir ctions an  
b gin to sho  consist nt ol s ( ig  )  t high r magni -
cation  collag n brils app ar  taching rom th  la r sur-
ac  an  running cross is  to th  ol s an  conn cting th m 
( ig    an  )
h  la rs on th  si  o  itr ous bo  ar  cl arl  thic r 
an  mor  rigi  an  th  ol s also ar  ns l  structur  On 
th  sur ac  o  th s  la rs an  in continuit  ith th  t tur  
o  th  oil ar  isibl  bun l s o  collag n brils sho ing th  
t pical 6 -nm p rio  ( ri ) ( ig  ) that gi s ris  to n sts 
o  collag n brils ( ig  ) an  larg  an  soli  collag n b rs 
( ig  )  h s  b rs ar  cl arl  int rpr tabl  as l m nts o  
rigi it  o  th  la r  h  mor  soli  sampl s  ust at th  la rs 
clos st to th  itr ous  sho  an a itional thic ning u  
both to an incr as  position o  th  brous mat rial an  to 
th  la rs ol ing on th ms l s ( ig  )  om tim s th s  
thic  la rs can orm i  ol s  clos  at th  bas
t n th  iE  la rs  mor  r u ntl  in th  int r-
m iat  la rs  it is possibl  to obs r  a n  c lls ith 
protrusions ta ing clos  r lationship ith th  collag n brils  
t pical o  broblasts ( ig  6  an  )  an  surprisingl  small 
n sts o  cocci in cas  12 ( ig  6  an  )
ass sp ctrom tr  anal sis o  th   E s sho  th  
pr s nc  o  s ral prot ins  im ntin  laminin  an  p r-
l can  a h paransulphat  prot ogl can  ar  th  main prot ins 
i nti
Discussion
iopathic pir tinal macular m mbran  sp cim ns ta n 
uring surg r  i nc  at E   t p s o  structur s rom 
th   to th  itr ous: (1) thin sh ts o  o n b rs  ith 
th  sh ts cr ating istinct la rs ( ig  ); (2) ol  la rs o  
inhomog n ous thic n ss o  brous mat rial mor  consis-
t nt ( ig  ); ( ) thic r an  mor  rigi  la rs in som  cas s 
r cogni abl  as collag n brils ith t pical 6 -nm p rio  
( ri )  ollag n brils ar  isolat  or int rmingl  b t n 
th m  gi ing ris  to ns  bun l s o  collag n b rs ( igs   
an  ); an  ( ) lacunar structur s ith in ammator  an
or n crotic mat rial  h  rst  t p s o  structur s s m to 
ol  as a thic ning to ar s a c ntrip tal ir ction rom 
th   to th  itr ous  n this cont t  c lls ar  rar l  oun  
sp ciall  in tissu  n ar th   an  tissu  n ar th  itr -
ous  lls ar  broblast-li  ( ig  6) among spac s o  mor  
so  tissu
Azzolini et al  76
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Fig. 3 - canning l ctron micro-
scop  sp cim ns sho ing th  out r 
la rs o  i iopathic pir tinal macu-
lar m mbran  (iE )  ntrip tal 
ir ction rom th  inn r limiting 
m mbran  ( ) to ar  th  itr ous 
body: (A) r tina si  o  : this la r 
is partiall  torn but still a h r nt: th  
turn  t aring g s o   sugg st 
a m chanical action; (B) through th  
t ar o  : th  rst la r o  iE  
ispla ing a gri  ith micro ol s o  
conn ction is isibl ; (C) th  high r 
magni cation o  th  contact sur ac  
-iE  highlights th  ns  con-
tact placations; (D) layered interior of 
iE : th  structur  app ars orm  
b  thin la rs o  brous mat rial  
h  a ing loos  allo s th  orma-
tion o  op nings  tina si  o  ; 
rst iE  la r; arro s: turn  
g s o  
Fig. 4 - canning l ctron micro-
scop  sp cim ns o  int rm iat  
la rs o  i iopathic pir tinal mac-
ular m mbran  (A) a r thic -
n ss is still thin but th  t tur  is 
mor  ns  than th  out r la rs; 
(B) multipl  l a s sup rimpos  
an  arrang  in arious ir ctions: 
th  l a s ar  thic r an  app ar 
mor  rigi  n rth l ss th  b gin 
to sho  th  ol s; (C) brous la r 
shap  in parall l ol s: not  th  
collag n brils b gin trans rs l  
b t n th  a ac nt ol s; (D) at 
high r magni cation  th  tail o  
th  singl  brils sho s th ir orga-
ni ation in b rs  rro s: collag n 
brils
h s  obs r ations sugg st that th  iE  ormation is ini-
tiall  orm  b  thin sh t o  so  tissu  o r th   an  th n 
ol ing in collag n brils gi ing ris  to strong collag n b rs 
an  ns  tissu  h  t tur  b gins in th  int rm iat  la r  
b coming ns r to orm thic  la rs clos st to th  itr ous 
bo  h  inn r la rs in contact ith th  itr ous bo  sho  
th  structural ol s o  th  matur  iE  r sponsibl  or coarc-
tation o  th  un rl ing tissu  an  in itabl  r tinal ol s
h  int r ac  b t n th   an  th  n l  orm  
pir tinal tissu  sho s particular small bri g s o  conn ction 
( ig  )  hos  bri g s o  conn ction an  itr omacular a -
h sion r pr s nt th  rst st p o  an iE  an  coul  b  also 
th  initial glu  b t n post rior h aloi  an   in oth r 
is as s such as itr omacular traction an  macular hol  
(8  1 )  hos  bri g s o  conn ction ar  probabl  th  targ t 
o  n matic itr ol sis (20-2 )
h   is not al a s oun  on th  r tinal si  o  th  sp ci-
m ns an  this is anoth r proo  that th  ma orit  o   but not 
th  ntir   is surgicall  r mo  tog th r ith th  iE  
as alr a  r port  (8  2  26)  nn r limiting m mbran  hol s 
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Fig. 5 - canning l ctron microscop  
sp cim ns o  inn r la r o  i io-
pathic pir tinal macular m mbran  
(iE )  (A) ibrils ith th  t pical 
6 -nm p rio  ( ri ) app ar contin-
uous ith th  b rs o  th  pir tinal 
m mbran  la r; (B) tangl  o  col-
lag n brils; (C) th  collag n b rs 
orm  b  pac ag s o  collag n -
brils gi  ris  to thic  la rs ns l  
ol  up in th  part clos st to th  
itr ous bo ; (D) s ction in ull 
thic n ss ith thic  la rs o  iE  
b n  in structural ol s  itr ous 
a it
Fig. 6 - (A) ibroblasts b t n th  
la rs (arro ); (B) broblast: at ma-
or nlarg m nt th  t pical pan-
sions o  c lls (arro s) an  th  clos  
r lationship ith th  b rs ar  cl ar-
l  isibl ; (C, D) roun ish ormation 
compatibl  or shap  an  im n-
sion to small n sts o  cocci  locali  
ithin th  la r  m rging through 
natural ap rtur s
oun  on th  sp cim n ar  s con ar  to th  m chanical strip-
ping uring surg r  or histologic stu  as sugg st  b  th  r -
rs  g  o  th   ( ig  )  W  n r oun  in  hol s 
ith unr rs  g ; this act supports th  h poth sis o  a 
non ir ct migration o  c lls rom th  r tina ( )
h  us  o  mass sp ctrum anal sis ga  th  opportunit  to 
i nti  at prot in l l th  structur s scrib  in microscop  
in  cas s  im ntin  laminin  an  p rl can i nti  in sp ci-
m ns ar  compon nts o  th  basal m mbran  ith pi otal 
rol  in r tinal is as  (27)  im ntin an  p rl can can cr at  
brillar compl  an  ar  usuall  oun  in th  basal m mbran  
mor  r u ntl  in micro ascular pathologi s  P rl can is o  
particular int r st  as it is lin  to man  proc ss s o  n o-
asculari ation through a ragm nt th r o  o  n or p llina 
that antagoni s th  path a  o  E  an  E  pla ing a 
rol  in r tinal pathologi s  probabl  in a ascular iE  tissu  
lopm nt  P rlocan  im ntin  an   laminin con rs l  ar  
r lat  to a m chanical in ur  to th  r tina (28)
urprisingl   oun  som  cocci bact ria in on  cas  in 
th  int rm iat  la r o  iE  h  act that bact ria ar  
Azzolini et al  767
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in th  cont t o  tissu  gath r  tog th r in li l  n sts -
clu  contamination; urth rmor  this oul  b  almost 
impossibl  as all sp cim ns r  imm iat l  plac  on  
bu r  para ormal h  a r surg r
h  act that O  scans ar  c nt r  on th  o a hil  
E  stu  is p r orm  on th  ntir  iE  o s not allo  
ha ing a p r ct corr spon nc  b t n O  an  E  
 imag s  W  pr sum  that mor  ns  tissu  gi s ris  to 
strong r O  r cti it  ( ig  7)  W  pr sum  also that th  
cr as  o  isual acuit  coul  b  s con ar  to ol  la rs 
o  inhomog n ous so  brous mat rial (cas s 1   6  an  1 )  
not n c ssaril  r  consist nt  hich b n  th  inn r r tina  
h  impro m nt o  isual acuit  a r surg r  ta s months  
as alr a  scrib  (2 - 1)  an  in our cas  s ri s gain  
isual acuiti s a r surg r  r  oun  also a r p ling o  
so  spla  tissu  h  surg on must r mo  all tissu  a h r-
nts to th  r tina
ultipl  abnormaliti s o  th  itr omacular int r ac  
coming rom macro ol s  micro ol s  an  h p rr cti  mi-
crostructur s oun  b or  iE  surg r  b  a apti  optic 
imag s ( 2- ) coul  b  r lat  to th  i r nt structur s 
oun  b  E  in our stu
imitations o  our stu  ar  th  n c ssar  i ning ma-
n u rs o  th  b n  iE s as soon as possibl  a r th  
sampling ith possibl  art acts  o r  E  obs r ations 
ar  similar in all sp cim ns  thus r pr s nting th  r alit  o  
th  structur  o  an iE
n conclusion  la rs o  i r nt structur s ar  subs -
u ntl  pr s nt in iE  lls migrat  gra uall  to ar s 
th  itr ous si  o  th  iE  namic mo ling o  b n  
la rs b gins in so  tissu  h  lac  o  unr rs   g  
hol s sugg sts that  hol s ar  not in ol  in th  patho-
g n sis o  iE s  isual acuit  ors ning is probabl  not 
 al a s caus  b  E s orm  b  ns  tissu  but also b  
iE s orm  b  ol  so  tissu  that is not al a s asil  
isibl  b  O  uring surg r  th  surg on shoul  r mo  all 
tissu  a h r nt to th  r tina  h  pr s nc  o  prot ins  r lat  
to a m chanical in ur  to th  r tina con rms th   h poth sis 
o  th  rol  o  post rior itr ous traction in th  lopm nt 
o  iE s
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Among the potential hazards of working in a mortuary and handling corpses, the risk of infectious
disease acquisition is well-documented, and warrants attention. The main biological risk in this
environment is due to infections caused byMycobacterium tuberculosis, blood-borne hepatitis, and
agents responsible for transmissible spongiform encephalopathies, such as variant Creutzfeld-Jakob
disease. All these pathogens remain alive and are infectious postmortem. In addition, other
pathogens present in cadavers, such as Neisseria meningitidis, are a potential source of infection
during necropsy (Burton, 2003).
Generally, it is believed that pathogens do not survive for more than a few minutes on
environmental surfaces; however, N. meningitidis has been found to survive for up to 72 h on glass
and metal surfaces (Tzeng et al., 2014). To date, there is a lack of data regarding the duration of
survival of N. meningitidis in corpses, even though people who handle cadavers are commonly
considered to be at risk of infection (Burton, 2003).
During forensic examinations, deaths due to meningitis are often encountered. Recently,
N. meningitides was detected in two corpses preserved at 4◦C for 11 and 7 days, respectively, at
our hospital. The first and more remarkable case regards a 28-year-old woman who died from
fulminant meningitis. The anamnesis was negative until the day before she died. The woman
presented to the Emergency Department with a high fever, shivers, nausea, and vomiting. The
objective examination did not indicate any significant findings, except for abdominal tenderness
and inflammation of the pharynx. Therefore, the patient was discharged. A few hours later, the
woman returned to the same hospital with a higher fever (40◦C) and persistent vomiting. Then, she
was admitted to theDepartment of InternalMedicine. At the time of admission, blood samples were
taken for microbiological testing, and antibiotic therapy (3 g of ampicillin and 2 g of cefotaxime)
was administered. The clinical exams did not find anything remarkable except for the fever. At
2 h after admission, the woman presented with breathing difficulty, hypotension, diffuse petechiae,
mild rigor nuchalis, and a temperature of 37.5◦C.
The patient was intubated, mechanical ventilation was enacted, and then she was brought to
the Intensive Care Unit, where, 2 h later, she died. The microbiological test results, available after
death, pointed out the presence of group C N. meningitidis in the blood. The day after, a medical
autopsy was performed: macroscopically, diffuse petechiae and massive hemorrhage of the adrenal
glands were observed. Bacterial cultures of the blood samples detected the growth of group C
N. meningitidis.
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Eleven days after the woman’s death, the prosecutor ordered
an additional autopsy in order to investigate the hypothesis of
medical malpractice. Before the internal examination, using a
carefully sterile technique, bacteriological samples were taken
from blood (particularly from the neck vessels. Then, during
the internal examination, samples of brain, liver, adrenal gland,
bone marrow were collected using sterile instruments and
containers.
Briefly, blood (100µL) was plated on selective Martin Lewis
Agar (Becton Dickinson, Heidelberg, DE) and incubated in
aerobic environment with 5% CO2 for 48 h.
Specimens of other tissues were first inoculated in Brain Heart
infusion Broth (Becton Dickinson, Sparks, US) and incubated
in same conditions. After 24 h, 100µL of broth were plated
on Martin Lewis Agar and incubated in conditions of aerobic
environment with 5% CO2.
After 48 h of incubation we revealed growth of colonies on all
the culture plates: in particular, on the plate inoculated with blood
sample, we found more than 106 Colony Forming Units (CFU).
At gram staining they appeared as Gram negative diplococci,
with positive reaction for oxidase and catalase, suggesting
Neisseria spp.
The bacteria were identified as N. meningitidis using MALDI-
TOF MS (Bruker Daltonics, Germany). Slide agglutination
(Remel, US) showed reaction with serum against capsule
polysaccharide of serogroup C.
At the same time, we performed amolecular analysis on all the
specimens.
DNA extraction from clinical samples was carried out using
the QIAamp DNAMini Kit (Qiagen), according to manufacturer
instructions. Purified DNA were kept at−80◦C.
Bacterial DNA was amplified both with 16S rRNA primers,
a primer pair targeting ctrA gene for identification of
N. meningitidis species, and six primers pairs targeting
serogroup-specific capsule biosynthesis genes (A, B, C, X, Y,
W135) of N. meningitidis.
PCR was run with 35 cycles of 95◦C for 30 s, 60◦C for 1min,
72◦C for 1min, and a final extension of 72◦C for 10min. A
10µl of amplified product was run in a 1% agarose gel stained
with ethidium bromide. Amplified products were visualized and
photographed under UV light.
PCR analysis confirmed identification of Neisseria
meningitidis Group C.
These results allowed us to confirm that the woman’s death
was due to fulminant sepsis from group C N. meningitidis, as
suggested by the clinical and premortem microbiological exams.
More remarkably, these findings pointed out that the pathogen
was still alive in various organs of the corpse at 11 days after death
and able to grow in culture.
The other case concerns a 6-month-old girl who was
brought to the Emergency Department with a high fever
(up to 39◦C). A few hours later, the baby presented with
cyanosis and breathing difficulty, and then she suddenly died.
A forensic autopsy was performed at 7 days after death.
The macroscopic examination revealed pulmonary edema and
bilateral adrenal hemorrhage. During the autopsy, namely
before internal examination, blood (from neck vessels), and
cerebrospinal fluid (through lumbar puncture) samples were
collected with sterile techniques for subsequent microbiological
examinations. The methods here previously mentioned were
used. N. meningitidis was found to grow in cultures of blood
and cerebrospinal fluid samples after incubation for 48 h,
thus providing the postmortem diagnosis of sepsis due to
N. meningitidis. A premortem diagnosis was not possible because
the fulminant disease caused the baby to die very quickly.
Indeed, in this second case, the detection of N. meningitidis
in postmortem cultures was crucial for the determination
of the cause of the death. However, the most remarkable
finding was the detection of N. meningitidis in cultures
of samples preserved for 7 days after the death of the
patient.
To the best of our knowledge, there is only one other case
of late postmortem detection of N. meningitidis reported in the
literature. In this 2013 case report, group B N. meningitidis
was identified in a putrefied corpse of a man who was found
dead at home (Maujean et al., 2013). The last time that
this man had been seen alive was about 10 days previously.
No other information regarding the time of death was
available.
Formerly, the persistence of N. meningitidis in corpses has
been identified only after a few hours after death, between 4 and
10 h (Ploy et al., 2005). In contrast, the observations presented
here suggest that N. meningitidis can survive for more than
10 days after the death of an infected subject. The factors that
can contribute to the growth of the bacteria in corpses are
various. The abundance of nutritional elements like iron, amino
acids, and other carbon sources is likely to be of importance,
in combination with the absence of host defenses in corpses
(Zughaier et al., 2014).
However, these findings indicate that pathologists as well as
othermortuary workers should exercise special precautions when
working with corpses infected with N. meningitidis because the
biological fluids and tissues of the corpses are still infectious for
many days after death.
We believe that these two reports are remarkable because
they improve the current knowledge regarding infections
due to N. meningitidis, an extremely relevant pathogen
that causes a high mortality rate, especially among young
people.
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ABSTRACT Observation of heat-deproteinized cortical bone specimens in incident light
enabled the high definition documentation of the osteonal pattern of diaphyseal Haversian bone.
This prompted a study to compare these images with those revealed by polarized light micros-
copy, carried out either on decalcified or thin, undecalcified, resin-embedded sections. Different
bone processing methods can reveal structural aspects of the intercellular matrix, depending on
the light diffraction mode: birefringency in decalcified sections can be ascribed to the collagen
fibrils orientation alone; in undecalcified sections, to both the ordered layout of collagen and the
inorganic phase; in the heat-deproteinized samples, exclusively to the hydroxyapatite crystals
aggregation mode. The elemental chemical analysis documented low content of carbon and
hydrogen, no detectable levels of nitrogen and significantly higher content of calcium and phos-
phorus in heat-deproteinized samples, as compared with dehydrated controls. In both samples,
the X-ray diffraction (XRD) pattern did not show any significant difference in pattern of hydroxy-
apatite, with no peaks of any possible decomposition phases. Scanning electron microscopic
(SEM) morphology of heat-deproteinized samples could be documented with the fracturing tech-
nique facilitated by the bone brittleness. The structure of crystal aggregates, oriented in parallel
and with marks of time periods, was documented. Comparative study of deproteinized and unde-
calcified samples showed that the matrix inorganic phase did not undergo a coarse grain thermal
conversion until it reached 5008C, maintaining the original crystals structure and orientation.
Incident light stereomicroscopy, combined with SEM analysis of deproteinized bone fractured
surfaces, is a new enforceable technique which can be used in morphometric studies to improve
the understanding of the osteonal dynamics. Microsc. Res. Tech. 79:691–699, 2016. VC 2016 Wiley Peri-
odicals, Inc.
INTRODUCTION
Bone tissue is a biological, composite material
formed of a matrix of an organic phase (mainly colla-
gen fibrils) and a mineral phase. Elasticity and stiff-
ness, essential for the bone mechanical function,
depend on either the organic or the mineral phase.
However, in intact bone tissue, calcium crystallites are
so densely packed inside and between the collagen
fibrils that dissociation between the two phases and
observation is not possible with direct, morphological
methods.
The development of cortical bone structural models
was based in the early studies on the extraction of the
mineral phase using chemical decalcification (Ascenzi
and Bonucci, 1968; Boyde and Hobdell, 1969; Gebhardt,
1906; Giraud-Guille, 1988; Marotti, 1993; Ranvier,
1887; Reid, 1986; Riggs et al., 1993a,b; Rouillier et al.,
1956; Ruth, 1947; Von Ebner, 1887; Ziegler, 1908). This
process enabled the application of the standard histo-
logical and electron microscopy techniques currently
used for soft tissues. Undecalcified tissue sample obser-
vations could be made using resin embedding and cut-
ting with heavy, motorized microtomes or using
cutting–grinding techniques. Both involve a strong
mechanical and chemical manipulation of the bone tis-
sue, with the inevitable bias of processing artifacts
(Congiu et al., 2014; Pazzaglia et al., 2011).
An alternative approach to the morphological study
of the mineral phase is extraction of the organic com-
ponent. This can be done using hydrazine (Karampas
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et al., 2012) or via thermal treatment which burns and
vaporizes the protein fraction. The heat treatment to
remove the bone matrix organic phase (calcination)
has been applied particularly in anthropology (Castillo
et al., 2013; Piga et al., 2009; Quatrehomme et al.,
1998; Thomson, 2004). However, the method has been
also applied to examine the spatial orientation and
relationship of calcium crystallites in collagen scaffolds
(Carter et al., 2002; Raspanti et al., 1994, 1995, 1996).
The present study was prompted by light microscopy
with; the initial observation of heat-treated cortical
bone specimens at low magnification. Simply processed
by polishing and observed wet in incident light, this
highlighted the lamellar structure by increasing mag-
nification and suggested the possibility of extending
the observation of heat-deproteinized cortical bone to
scanning electron microscopy (SEM). Indeed, the brit-
tleness of heat-treated samples could be easily manip-
ulated to produce sufficiently flat fracture planes
oriented longitudinally or transversally to the diaphys-
eal axis.
The aim of the study was to document that heat
deproteinization completely removed the protein frac-
tion and that the mineral phase preserved the struc-
tural pattern of the collagen scaffold. To validate the
first statement, elemental chemical analysis, SEM
energy dispersive X-ray analysis and X-ray diffraction
(XRD) analysis were used. For the second, comparison
of the bright/dark band pattern in polarized and inci-
dent light microscopy and scanning electron micros-
copy of specular, fractured surfaces were carried out.
MATERIALS AND METHODS
Human bone specimens were obtained from below-
the-knee amputations in three young, male subjects
aged, respectively, 25, 30, and 32 years old, who had
suffered severe traumatic limb injuries. Part of cortical
tibial specimens had been used in an already pub-
lished article (Pazzaglia et al., 2013); the remaining
cortical bone segments were processed for the present
study. All the patients gave their consent for a segment
of the amputated limb to be used for scientific purposes
and the study protocol was approved by the Council of
the Department of Medical and Surgical Specialties,
Radiological Sciences and Public Health of the Univer-
sity of Brescia. The specimens were stored at 48C in
neutral formaldehyde solution (10%) until further
processing. The samples were cut with a low speed, cir-
cular, diamond blade saw (Remet, Casalecchio di Reno,
Bologna, Italy) into rectangular blocks of about 3 3 4
3 5 mm or 3 3 4 3 15 mm, the latter with the longer
side corresponding to the diaphyseal long axis. After
dehydration in increasing concentrations of ethanol
solution and delipidation in acetone, 15 specimens
were left to air dry at room temperature for a week
(control dehydrated specimens). Another 15 were sub-
ject to heat treatment in a muffle furnace at 5008C
overnight (heat-deproteinized specimens). The weight
loss of the processed specimens after thermal treat-
ment was between 34.7% and 38.1%; the loss of volume
(shrinkage) was not assessable in specimens of this
size. Transversally and longitudinally cut surfaces of
both dehydrated controls and heat-deproteinized, thick
cortical bone specimens were ground down manually
using abrasive paper (grain 500 and 1,000) to a thick-
ness of 2 mm under running tap water; the surface to
be examined was further polished on a very fine-grain
black slate; at each step, the specimens were repeat-
edly cleaned using ultrasound to remove surface
debris. To prepare thin slices, the samples were
embedded in methyl methacrylate, cut with the low
speed circular saw to about 1 mm thick and then
ground down manually, as described above, to a thick-
ness of 50 mm.
Polarized and Incident Light Microscopy
The surface of thick, deproteinized specimens was
examined wet under an Olympus BX51 microscope
using two external light sources (Olympus KL 1500
LCD) with an incident angle of about 458. These
included either transversally or longitudinally cut
surfaces of the cortex. Images were captured with a
Colorview IIIu camera mounted on the microscope.
Resin-embedded 50 mm thin sections of both heat-
deproteinized and control samples were examined wet
in incident reflected and linearly polarized light, with
the conventional 908 angle between polarizing and
analyzing planes, to obtain comparable images of cor-
responding fields with the two microscopic techniques.
Scanning Electron Microscopy
The same thick surface samples already examined
with the light microscope were then processed for SEM
observation. They were again dehydrated in increasing
concentrations of ethanol solution and subjected to
critical point drying in CO2. The specimens were
secured on stubs with conductive tape, coated with a
thin layer of gold or carbon in a vacuum sputter Emi-
tech K550 and studied with a Philips XL30 scanning
electron microscope either in the secondary electron
imaging (SEI) or back-scattered electron (BEI) mode,
coupled with an energy dispersive X-ray analyzer
(EDAX Genesis, 2000).
The long parallelepiped-shaped specimens were
manually fractured at the middle of their height. The
paired fractured surfaces were cleaned with a com-
pressed air jet, processed, and mounted on stubs for
SEM observation. The fractured surfaces of this group
of samples were analyzed with EDAX for C, P, and Ca
mapping.
Elemental Chemical Analysis.. The analysis of
carbon, nitrogen, and hydrogen were performed with a
Perkin Elmer CHN 2400 device. Samples of 2.5 mg are
heated to 1,8008C in an O2 environment and the com-
bustion produces CO2, H2O, and NO2 (reduced in a
reduction tube to N2) which are conveyed by a helium
stream into a chromatographic column and then ana-
lyzed with a TCD (thermal conductivity detector)
which identifies the percentages of C, N, and H. The
measurements of calcium, phosphorus, sodium, and
magnesium were carried out using ICP-OES Perkin
Elmer 3300 DV after demineralization in nitric acid
and H2O2. Bone samples were first homogenized with
an agate mortar and pestle; then approximately
200 mg were added, in a Teflon bomb, to 6 mL of 70%
nitric acid and 1 mL of 30% hydrogen peroxide, which
then underwent a digestion process in a microwave
oven. After adequate dilution with ultrapure distilled
water, the samples were analyzed to determine the
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concentrations following instrumental specifications,
using an external calibration method.
XRD Analysis
Both control and heat-deproteinized samples for
XRD structural characterization were ground down to
p 3000 on slate-gray before examination. The analysis
was carried out by X-ray diffraction (diffractometer:
Philips X’Pert Pro, detector: X-Celerator, radiation
source: Cu Ka 5 0.154 nm, operation voltage and cur-
rent: 40 kV and 40 mA, respectively) using a conven-
tional Bragg–Brentano setup.
RESULTS
Light Microscopy
Transversely sectioned heat-treated cortical bone
was observed wet in incident, reflected light at low
magnification. A thick, bright band marked the periph-
eral boundary of each osteon, which gave a well-
defined map of the osteon distribution on a large sur-
face area of the diaphysis (Fig. 1). Observation at
higher magnification broke down the bands into thin-
ner bright lines. Their pattern showed, in transverse
sectional planes, the typical bright/dark sequence,
which was concentric to the osteon central canal; the
thick bright band of the reversal line at low magnifica-
tion, was also broken down into more tightly packed,
thin lines at higher magnification (Fig. 2A). In the lon-
gitudinal sections, the bright lines ran parallel to the
central canal (Fig. 2B). Comparative polarized and
incident light observation was carried out in 50-mm
thick sections of non-decalcified control and deprotei-
nized specimens. The bright/dark sequence of non-
decalcified controls was present in polarized light, but
not in incident light (Figs. 3A and 3B). Deproteinized
samples showed the bright/dark sequence with both
techniques (Figs. 3C and 3D).
Scanning Electron Microscopy
Heat-treated cortical bone (manually fractured) pro-
duced a separation plane which ran perpendicular to
the diaphysis major axis. The complementary fracture
could be subjected to SEM observation without etching
or other processing before coating (Fig. 4). The lamel-
lar pattern resulted clearly highlighted (Fig. 5A)
because, in all the osteons, the fracture line spread cir-
cularly at the same level along the single lamella, but
with alternating height levels in the radial direction:
thus it formed a concentric system of crests and
grooves (Figs. 5A–5D). With increased magnification,
the hydroxyapatite aggregates appeared as straight,
rod-like structures whose diameter could vary between
50 and 100 nm, but whose length was not assessable
(Fig. 6A). These HA-rod-like structures were oriented
in a parallel manner and aggregated in clusters. If
compared with undeproteinized bone fibrils, they did
not appear so tightly packed as the latter (Fig. 6B).
Holes and fissures between rod-like or fibrils bundles
corresponded to canaliculi (Figs. 6A and 6B).
Elemental Chemical and SEM Energy Dispersive
X-Ray Analysis
After heat-treatment, the bones appeared grey, com-
pared with the white dehydrated control samples. The
% dry weight loss after heat- treatment (determined
on a group of 10 specimens) was 36.4% 6 1.7. The loss
of volume was not assessable in specimens of this size.
The chemical analysis showed very low content of car-
bon and hydrogen, and no detectable levels of nitrogen
in deproteinized bone (P! 0.001). The calcium and
phosphorus content was significantly higher in depro-
teinized than it was in control bone (P! 0.001); sodium
and magnesium were detected in traces in both sam-
ples. The Ca/P value, (given as weight ratio between
deproteinized and control samples) was not significant
(P 5 0.134) (Table 1). The Ca/P molar ratio for
Fig. 1. Thick section of heat-deproteinized femoral diaphysis in
incident light (bar 5 500 mm). Bright reversal lines allow definition of
the osteonal pattern at low magnification (wet specimen).
Fig. 2. Thick section of heat-deproteinized bone in Incident light.
(A) Transversal section showing the pattern of osteons reversal and
interlamellar lines (wet specimen, bar 5 200 mm). (B) Longitudinal
section showing the regular, parallel pattern of interlamellar lines
(wet specimen, bar 5 300 mm). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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hydroxyapatite was 1.5, and not significant between
the two groups (P 5 0.455).
SEM energy dispersive X-ray analysis of heat-
treated bone surfaces did not show zonal concentration
of the elemental signals in terms of the morphological
details of the surface. Carbon signal was evenly dis-
tributed but less dense than that of calcium and phos-
phorus (Fig. 7).
XRD Analysis
The XRD diffraction patterns of both dehydrated
control and heat-treated bone specimens do not show
any significant differences between the two samples
and correspond to the reference pattern of hydroxyapa-
tite (Spatial Group: P63/m, JCPDS number: 9-432)
(Fig. 8). The figure shows a magnification of the 258–
428 range, indexed with the corresponding hydroxyap-
atite reflections. No peaks of any possible decomposi-
tion phases, such as tricalcium phosphate ("318), or
calcium oxide ("37.58), were detected.
DISCUSSION
Elemental chemical analysis, SEM EDAX, and XRD
analysis compared between heat-treated and control
samples gave analytical evidence that collagen and
any other organic component of the matrix had been
removed by the thermal treatment at 5008C overnight,
leaving the mineral phase alone. The carbon content of
deproteinized bone was a very low (0.98%) in the dry
weight, suggesting that the carbon atoms detected rep-
resented the carbon–phosphate percentage of the min-
eral phase, rather than residuals of proteins. This data
Fig. 3. Comparison of undecalcified and heat-deproteinized bone
sections (thickness 50 mm): the same osteon was observed respectively
in polarized and incident light (bar 5 100 mm). (A) Undecalcified,
polarized light—showing the bright/dark band sequence around the
central canal as it can be observed with higher brightness in decalci-
fied sections. (B) Undecalcified, incident light—no reflection on the
osteonal transversal surface. A band of reflection is evident on the
upper border of the central canal. (C) Heat-deproteinized, polarized
light: the bright/dark sequence is maintained by the mineral cast of
collagen fibrils. The refracted light intensity is lower than in undecal-
cified bone section of A. (D) Heat-deproteinized, incident light: the
mineral cast of collagen fibrils induce on the surface a weak pattern-
ing of reflected light bands not present in B.
Fig. 4. SEM-BEI (heat-deproteinized sample, 603). Fractured,
paired surfaces: the separation plane is irregular but complementary,
as shown by the correspondence of the vascular canals and of the
osteonal surfaces on the left and right side.
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are is also consistent with SEM EDAX mapping, show-
ing a uniform distribution of carbon in the deprotei-
nized bone, albeit with a lower density than that of
control bone.
It is a generally accepted concept that, in bone, the
inorganic substance is crystalline irrespective of the
stage of formation and that it is apatitic in structure
and composition (Bigi et al., 1997; Eanes and Posner,
Fig. 5. SEM-BEI (heat-deproteinized sample, fractured surface).
(A) The mechanical separation documented an ordered layout of min-
eral crystal aggregates around the central canal without any
enhancement with chemical etching (3503). (B) The concentrical
lines pattern consists in a sequence of crests and grooves. Osteocyte
lacunae are also evident (2,0003). (C) Detail of B showing the com-
posite structure of the mineral phase formed by aggregates of fila-
mentous structures (5,0003). (D) Detail of C at higher magnification
showing the different orientation of the rod-like crystal aggregates:
those corresponding to the crest are vertically arranged, those in the
groove lie parallel on the transversal plane (12,0003).
Fig. 6. (A) SEM-BEI (heat-deproteinized bone, fractured surface,
25,0003). Rod-like structures corresponding to hydroxyapatite aggre-
gates after collagen has been removed by heat-treatment. They form
clusters with different orientations, but within each cluster they look
parallelely oriented. Those exposed longitudinally show a surface
transversal banding (arrows). Holes correspond to canalicula (aster-
isks). (B) SEM-BEI (fractured transverse surface of dehydrated,
undecalcified control, 25,0003). Bundles of tightly packed collagen
fibrils with evident period. Size of collagen fibrils is compatible with
that of rod-like structures of A.
TABLE 1. Elemental chemical analysis of heat-treated and control bone samples for carbon, nitrogen, calcium, phosphorus, hydrogen, sodium,
magnesium (results expressed as percentage of the dry weight), and ratio Ca/P compared between the two groups
n C N Ca P Ca/P H Na Mg
Deproteinatedbone 4 0.98 6 0.02 0 27.6 6 0.51 13.8 6 0.29 2.0 6 0.08 0.18 6 0.05 0.42 0.25
Non-deprotein.bone 4 12.93 6 0.5 4.04 6 0.1 25.5 6 0.49 12.02 6 0.3 2.1 6 0.08 2.48 6 0.1 0.6 0.24
P< 0.001 P< 0.001 P 5 0.001 P< 0.001 P 5 0.134 P< 0.001
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1970; Glimcher, 1990; Posner, 1987). The thermal
treatment did not change the Ca/P value, given as
weight ratio, which in adult human bone is recorded
within the range 2.09–2.25 (Zipkin, 1970) or, if given
as molar ratio, within the range 1.57–1.71 (Woodard,
1962). The observed values in both deproteinized and
control samples of the present study were within this
range. XRD data have confirmed that the thermal
treatment used in this study did not significantly affect
the structural integrity of hydroxyapatite. None of the
decomposition products such as tricalcium phosphate
or calcium oxide was detected.
According to results reported in scientific literature
(Lin et al., 2000), bone apatite is stable in air up to
1,2008C. The only significant structural changes could
be due to the loss of lattice water, which occurs over a
wide range of temperatures above 4008C. Dehydration
introduces a number of lattice defects, transforming
hydroxyapatite (Ca10(PO4)6(OH)2) into oxyhydroxya-
patite (Ca10(PO4)6(OH)2-xOxwx, where w is a lattice
vacancy). Where x 5 1 hydroxyapatite has been con-
verted into oxyapatite, which undergoes decomposition
into tricalcium phosphate, tetracalcium phosphate and
calcium oxide above 1,2008C, that is, well above the
experimental conditions used in the thermal treatment
of this study. Although the degree of lattice dehydra-
tion could not be quantified from the XRD data, a
direct comparison between the dehydrated controls
and the heat-treated samples indicated that the ther-
mal treatment at 5008C achieved full deproteinization
of bone while keeping its overall apatite structure.
Thermal treatment at high temperature (1,0008C) is
known to cause significant alterations to the HA
Fig. 7. SEM of heat-deproteinized transversally fractured cortex and EDAX analysis of the same field
showing the homogeneous distribution of carbonium (C), phosphorus (P), and calcium (Ca). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Fig. 8. XRD diffraction patterns of dehydrated controls (black spec-
trum) and heat-deproteinized samples (red spectrum), showing the
univariance of the inorganic phase after heat treatment at 5008C.
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crystal structure and composition, including increase
of crystal size and crystallinity, reduction of the sur-
face area and appearance of other phases (Danil-
chenko et al., 2006; Joscheck et al., 2000). However, by
keeping the heat below 6008C the effects on the inor-
ganic phase, even if they cannot be completely
excluded (Karampas et al., 2012), can be significantly
reduced (Raspanti et al., 1994). The XRD diffraction
pattern deduced by this study matched with the refer-
ence pattern of hydroxyapatite. Since, during osteo-
genesis, the mineral deposition occurs when the
collagen fibrils have been already forced out of the cell,
aggregated and oriented below the active osteoblast
(Pazzaglia et al., 2010), the evidence that heat treat-
ment did not alter significantly the crystalline struc-
ture validated the assumption that the crystallites
scaffold could reproduce the fibrils architecture of the
matrix with the accuracy of a cast. This would extend
the application technique to the wider field of the mor-
phological study of calcified tissues.
Few studies with polarized light microscopy have
been carried out on the heat-deproteinized bone
(Ascenzi, 1948a, b, 1949; Ascenzi and Bonucci, 1964)
because of the difficulty in producing thin slices. The
observation in incident reflected light of heat-
deproteinized samples overcame the problem of thin
section preparation. As shown in the present article, a
large specimen area can be examined at low magnifica-
tion with the stereomicroscope. In transversal, cortical
sections osteon counting and density assessment was
made easier because boundaries and osteonal geome-
try were clearly outlined. The secondary remodeling in
diaphyseal cortical bone is mostly longitudinally ori-
ented and the new osteons overlap on the densely
packed material of the older ones. Different osteon
classes can be defined based on the outer marginal ero-
sion (Currey, 1964; Jowsey, 1966; Smith, 1963). There-
fore, a morphometric evaluation of the cortical bone
remodeling rate can be undertaken on deproteinized
bone samples observed in incident light .
SEM observation of heat-deproteinized fractured
surfaces did not require etching with acid or basic solu-
tions to clean the surface and enhance the osteon and
lamellar boundaries, as necessary with non-
deproteinized samples (Congiu et al., 2014). Neither
dehydration nor CO2 critical point drying was neces-
sary, as is currently required in the preparation of bio-
logical specimens, because the small bone debris
produced by the fracture could be cleared with a com-
pressed air jet before coating.
The transversally fractured surfaces displayed an
osteonal pattern characterized by a concentric
sequence of crests and grooves. The fracture surface
morphology showed the three-dimensional (3D) geome-
try of the HA crystal aggregates. The fracture plane
ran from the point of highest compressive strain (cor-
responding to the external cortical layer because the
sample was bent externally) to the endosteum. The
separation was induced by the tensional forces on most
of the cortical thickness. This manipulation produced a
separation plane approximately transversal to the dia-
physeal axis. The whole plane was not flat and its
reliefs were determined by the distribution of the
points of lower resistance to the tensional forces on the
tested sample. However, within the peripheral bound-
ary of the individual osteon (reversal line) the crests
height and the grooves depth were remarkably
constant.
Earlier SEM studies based on heat-deproteinized
bone (Raspanti et al., 1994, 1995, 1996) in fresh frac-
tured surfaces of the radial cortex of adult horses
showed needle-like structures closely corresponding,
in terms of position and orientation, to the native colla-
gen fibrils. In scientific literature, the shape of bone
mineral crystals has been reported as needle-like, rod-
like, or filament shaped (Bonucci, 2007; Fratzl et al.,
1991, 1992) but also as platelet-like (Ziv and Weiner,
1994). Their size depended on the different methods of
study and the type of bone, with a wide range of
recorded variation (Bonucci, 2007), but always in the
order of nanometers. The transmission electron
microscopy of non-decalcified cortical bone specimens
gave evidences that crystal aggregates inside the colla-
gen fibrils could have the shape of straight needle-like
structures (Ascenzi et al., 1978; Boothroyd, 1975), but
most often these were so irregular that the term
“filaments” would have been more appropriate
(Bonucci, 2007). The SEM observations of the present
study showed a rod-like shape of the mineral fraction,
which we interpreted as aggregates of the crystallites
inside the native fibril.
At a lower magnification, these reproduced the traits
of the collagen fibril periodic bands as routinely
observed in decalcified specimens.
Mechanical, chemical, and thermal manipulation
has been widely used in the study of hard tissues (Con-
giu et al., 2014; Pazzaglia et al., 2012, 2013; Raspanti
et al., 1995; Skedros et al., 2005) and all the proposed
models of bone structural organization are derived
from their application. SEM observation of fractured
or sectioned (polished and etched) bone surfaces sub-
stantially improved the resolution as compared with
light microscopy. However the optical properties of the
oriented structural elements of cortical bone had a fun-
damental role in the development of knowledge at a
microscopic level of the osteonal microarchitecture and
of the Haversian bone system in general, because they
mark the boundaries of the lamellar elementary unit.
Therefore, polarized light microscopy has been exten-
sively applied to the study of Haversian bone system
and the osteonal microstructure (Ascenzi and Bonucci,
1968; Ascenzi et al., 2003; Giraud-Guille, 1988; Reid,
1986; Riggs et al., 1993a,b; Skedros et al., 2011). These
observations have been integrated with other techni-
ques, such as SEM fractured surface analysis (Frasca
et al., 1981; Pazzaglia et al., 2011), cut surface etching
(Marotti, 1993; Pazzaglia et al., 2012) or staining
methods of the traditional histology (Bain et al., 1990;
Villanueva et al., 1986). Each staining and processing
technique enhances zonal differences of the bone inter-
cellular matrix through selective modifications of its
components (the organic and the mineral fraction or
both). A common pattern of the secondary osteons sys-
tem appear whatever method of study is applied: the
basophilic interlamellar lines of standard decalcified
histological slides, the bright lines of polarized or inci-
dent light microscopy (in decalcified and deproteinized
samples, respectively), the interlamellar lines
enhanced by chemical etching in non-decalcified/non-
deproteinized samples of SEM and the sequence of
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crests and grooves of fractured deproteinized bone.
Each method documented morphological aspects
which, in various ways, must be considered artifactual.
However, they enabled the development of the cortical
bone structural models.
The application of incident light stereomicroscopy,
combined with SEM analysis of transversally frac-
tured cortex in deproteinized bone presented in this
study, are new. All the methods of study applied so far
support the recognition of the lamella as the basic ele-
ment of the Haversian system. Since the lamellar
apposition in secondary remodeling is carried out by a
pool of osteoblasts inside the closed space of the cutting
cone tunnel ( Parfitt, 1984; Pazzaglia et al., 2012), the
determination of parameters like number, thickness,
circularity/completeness of lamellae, and occlusion of
the central canal can enhance the functional under-
standing of the osteonal dynamics.
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